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ABSTRACT 


This dissertation deals with the finite element analy- 
sis of cracking of earth dams. The principal objectives of 
this investigation are (1) to contribute to an understanding 
of the tensile behaviour of a low-plastic core soil which has 
a high susceptibility to tensile cracking, (2) to study the 
relative importance of the factors that influence the analy- 
sis of cracking of earth dams, and (3) to develop analytical 
procedures for prediction and control of tensile cracks that 
are likely to develop during and at the end of the construc- 
tion period. 

The indirect tension test (Brazilian test) was used 
to conduct laboratory tensile studies on Mica Till. A pro- 
cedure was developed to determine the tensile stress-strain 
relationship based on the results of the biaxial, indirect 
tension test. 

The laboratory studies showed that a core material of 
low plasticity has a very low tensile strength which, for 
the purpose of analysis of cracking of earth dams, can be 
ignored. A rapid increase in flexibility of soil in tension 
was accompanied by a rapid decrease in tensile strength when 
water content was increased beyond the standard Proctor opti- 
mum. However, with the addition of a small. percentage of 
bentonite to till it was possible to increase the flexibility 
of the mixture without an appreciable reduction of its tensile 


strength. An increase in the compactive effort increased the 
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tensile strength of till and decreased its flexibility, for 
water contents well below the Proctor optimum. For water 
contents above optimum, the tensile strength and the stiff- 
ness of soil were slightly decreased with the increase of 
compactive effort. The rate of tensile loading had a conside- 
rable influence on the tensile characteristics of till. 

Rates of loading mobilizing the minimum tensile strength 

and tensile failure strain were observed. 

From the finite element analysis conducted with two and 
three dimensional modelling of earth dams, it has been ob- 
served that the construction step sequence, the non-linear 
stress-strain relationships of soil, and the boundary condi- 
tions associated with the three dimensionality of a dam are 
the most important factors to be properly simulated in the 
analysis for reasonable predictions of cracking of earth dams. 
Such simulation procedures were developed and their useful- 
ness in practice was tested by analyzing a case study of 
cracking at Duncan Dam. The predicted location of cracks 
and sequence of their occurrence showed reasonable agree- 
ment with the field observations. 

The analytical procedure developed can also be used 
as a design tool to study the influence of different factors 
on control of cracking of earth dams. A method is indicated 
for controlling tensile cracks in an earth dam, built ina 
narrow valley with rigid abutments and on incompressible 
foundations. The method consists of performing analyses 


with non-homogeneous modelling of the core material of the 
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dam to specify the placement conditions of core material 


for an effective control on the development of tensile cracks. 
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CHAPTER I 


INTRODUCTION 


lel scope 


In this chapter the problem of cracking of earth and 
rockfill dams is introduced, the past work done on the topic 
is reviewed, and the purpose of the present work and its scope 


are presented. 


1.2 Importance of -.the Problem of Cracking of Earth and 
Rockfill Dams 


Cracking of the core of an earth or rockfill dam has 
been a subject of considerable importance to the designers of 
dams for a number of years. Cracking of several earth and 
rockfill dams and in some cases, subsequent failures caused 
by erosion of soil ar aie the cracks have been reported in 
the literature (Marsal and Ramirez, 1967; Patrick, 1967; 
Pope, 1967; Schober, 1967; Kjaernsli and Torblaa, 1968; Gordon 
and Duguid, 1970; Vaughan et al., 1970). The cracking pheno- 
menon is a matter of considerable concern because, most of 
these dams in which this distress occurred were built with 
the best available construction practices developed over 
recent years. The ASCE Committee on Earth and Rockfill Dams 
(1967) stressed the importance of research concerning crack- 
ing of the core of earth and rockfill dams. It is necessary 
to evolve suitable design and construction procedures for 


earth and rockfill dams to resist cracking. This necessity 
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has been strengthened further by the increasing need to 
utilize heterogeneous compressible foundations, irregular 
steep valley walls, declining quality of embankment materials 


at many sites, and fills of ever increasing height. 


1.3 General Information on Cracking of Earth and Rockfill Dams 
Covarrubias (1969) and Lowe (1970) have noted several 
factors that contribute to the Cnracking sof tearth “and*rockTi11 
dams, the different types of cracks, and their relative import- 
ance with respect to the safety of the structure. For complete- 
ness some general information on cracking of earth and rockfill 


dams is discussed in the following sections. 


1.3.1 Factors Contributing to the Formation of Cracks 
Stress states favouring the formation of cracks in earth 

and rockfill dams are generally caused by any one or a combina- 

tion of the factors listed below: 

(a) Excessive differential settlements caused by non-homo- 
geneous compressible material in the foundation. 

(b) Steepness and/or irregular shape of valley walls or 
abutments. 

(c) Differential deformations caused within the dam due to: 
Gis} the presence of rigid structures such as conduits, 

concrete cut offs, etc. within the body of the dam, 

(ii) the softening of certain materials of the dam due 
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(iii) the large difference in stress-strain properties 
of materials in adjacent zones or layers within 
the dam. 

(d) Large rates of strain caused in the upstream shell by 
the rapid filling of reservoir, especially during the 
Kins t sciiin oy 

(e) Large transient stresses caused by earthquakes and other 
dynamic loads. 

(f) Shrinkage effects caused by excessive drying of the core 
of the dam for long periods either during construction 


or operation of reservoir. 


1.3.2 Types of Cracks 


The cracks occurring in earth and rockfill dams are 
classified in different ways. Three well-known classifications 
are: 

(a) Classification by the orientation of the crack (Fig. 1.1): 

(lg) Transverse cracks: are those that are perpendicular 
to the longitudinal axis of the dam. These could 
be horizontal, vertical, inclined or skewed. They 
provide a free path for the passage of water from 
the upstream to the downstream side and are con- 
sidered to be the most dangerous in causing failures 
due to erosion in dams. 

(ii) Longitudinal cracks: are those running in a direc- 
tion, approximately parallel to the length of dam. 


Though these cracks do not create a free passage of 
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water from the upstream to downstream faces, they 
may however aggravate a piping failure in a dam 
D¥ecOnnectingathe transverse .cracks. 
Ch)eesiblesclassiticatnon of theycracks.(fig..1.1): 
falp) Interior cracks are those not visible from outside. 
(ii) Exterior cracks are those which are formed at the 
surface (e.g., transverse or longitudinal cracks 
at the crest). Interior transverse cracks are the 
worst type of cracks which could cause unexpected 
failures due to erosion in dams. 
(c)..Classification according to the mode of .formation (Fig. 
lee 
fale) Tensile cracks ave those caused by tensile stresses. 
(ii) Shear cracks are those caused by sliding failures. 
(iii) Tearing cracks are those caused by torsional (ro- 
tational) shear failures. 
(iv) Shrinkage cracks are tension cracks formed due to 
shrinkage effects. 
In the investigation that forms the basis of this thesis 
only tension cracks have been considered. Therefore, in the 
remainder of this report, the term ‘cracking’ is implied to 


mean ‘tensile cracking’. 


1.4 Usefulness of an Analysis for the Prediction of Cracking 
of Dams 


An analysis that can reasonably predict the extent of 
tensile zones that are likely to develop in a dam structure 


during critical periods will be useful in designing and in 
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strumenting the structure in a rational manner. From the 
performance of the structure as revealed by field observa- 
tions, the analysis could be checked and causes for any dis- 
crepancies be ascertained. It is hoped that such endeavours, 
as the one made in this thesis, will lead to a better under- 


Standing and control of cracking of earth and rockfill dams. 


1.5 Brief Review of Past Work on Cracking of Dams 


A comprehensive review of investigations of the cracking 
of earth and rockfill dams has been made by Covarrubias (1969). 
These investigations, which were described in detail by 
Covarrubias, are mentioned only in brief here. The investi- 
gations carried out by Covarrubias (1969) and later workers 
have been considered in some detail for the purpose of justi- 
fying the need for the present work. 

Terzaghi (1943, p. 431) observed that tensile cracks 
would be caused by the tensile stresses prevailing at some 
distance behind the face of a vertical cut in clay overlying 
a rigid base. The distance at which maximum tensile stress 
occurs and the resulting maximum depth of tension zone were 
estimated to be about one-half the height of the cut. 

Casagrande (1950) recognized the possibilities of piping 
failures that could be caused by cracks in earth and rockfill 
dams. He suggested that enough provisions should be made in 
the design of dams to make the cracks self healing. 

Sherard (1952), after a comprehensive study on the per- 


formance of several earth dams, some of which cracked, arrived 
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at criteria to classify the soils that are susceptible to 
cracking. These criteria were based on the grain size and 
consistency limits. A similar classification was also made 

by Tamez and Springhall (1960). From these studies it was 
concluded that, in general, silty soils with uniform gradation 
and low plasticity index are highly susceptible to cracking. 
Even though. these criteria help to classify soils with regard 
to their susceptibility to cracking, they are of very limited 
use in the overall evaluation of the cracking potential of an 
earth structure. 

Nonveiller and Anagnosti (1961) proposed a limit analy- 
sis for investigating horizontal cracks in a narrow vertical 
clay core supported by less compressible rockshells. This 
analysis disregards the elastic strains which by themselves 
could produce cracks. 

Narain (1962) tried to compare the tensile strains at 
failure obtained by the laboratory beam tests on soils with 
the tensile strains computed for a number of dams which were 
idealized as homogeneous isotropic linearly elastic beams of 
uniform cross section. He concluded that when the computed 
tensile strains exceeded the laboratory failure tensile 
strains, cracks would occur in the real structure. Even 
though some correlations with observed cracking were made, 
the analysis recommended by him is not applicable for all 
classes of problems involving irregular valley profiles and 
non-homogeneous materials because of his over-simplified 


idealization of the real structure. 
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Lee and Shen (1968) analyzed the longitudinal section 
of dams using a finite element method to compute the horizon- 
tal stresses and strains. Results of such computations made 
on El Infiernillo Dam agreed well with the field observations. 
The analysis was performed in a single step under plane strain 
conditions with the appropriate linear stress-strain relation- 
ships. ; 

Covarrubias (1969) analyzed a number of longitudinal 
and transverse sections representing different simple geo- 
metrical shapes of earth dams. In all cases a finite element 
method was used and the analyses were performed in a single 
step using the assumption of linear stress-strain relation- 
ships and plane strain conditions. The purpose of these 
analyses was to evaluate the effect of the shape of valley 
and compressibility of different materials in dams and founda- 
tions on the development of tensile zones. Similar analyses 
were conducted on the longitudinal sections of existing dams 
to predict transverse cracking. Reasonable correlations were 
obtained even though the tensile stresses and strains were 
Over-estimated due to the single step linear elastic analysis 
used. 

Dolezalova (1970) considered the effect of steepness 
of a triangular valley on the formation of tension zones to 
predict transverse tensile CrackingoulA finitehdtifierence 
method was used to perform a linear elastic analysis in a 
single step and in a number of steps under plane strain condi- 


tions. These analyses have the same disadvantages mentioned 
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before in addition to the lesser adaptability of the finite 
difference technique to more complex problems. 

Strohm and Johnson (1971) included the construction 
step sequence and non-linear material behaviour in the finite 
element analyses they have conducted for different valley pro- 
files under plane strain conditions. These studies revealed, 
that by introducing the realistic non-linear material proper- 
ties and the construction step sequence, the extent of tensile 
zones computed was very much smaller than that obtained by 
a single step linear analysis. In addition the principal 
stress ratios computed by the incremental non-linear analysis 
are closer to reality than the ones obtained by a single step 


linear analysis. 


1.6 Requirements of an Analysis for Predicting Cracks 


For a successful prediction of cracking of an earth 
structure particular attention has to be paid to the following: 
(1) The idealization of the structure for the analysis has 

to be such that the geometry of the structure, the bound- 
ary and body forces, the boundary displacement conditions, 
and the construction sequence are represented as close 

to the prototype as possible. 

(2) The material properties and the stress-strain relation- 
ships used in the analysis should be such that they lead 
to the proper simulation of the deformational behaviour 
of the structure. 


(3) The tensile behaviour of the materials of the structure 
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should be known so that the results of analysis are 


interpreted properly for the prediction of cracking. 


Objectives of the Present Investigation 


Since a procedure satisfying the requirements stated in 


Section 1.6 is not available yet to deal with the problem of 


cracking of earth dams, the present investigation was under- 


taken with the following objectives: 


(1) 


(2) 


To conduct laboratory studies that contribute to an 
understanding of the tensile behaviour of soils, 

to conduct analytical studies that contribute to an 
understanding of the influence of certain factors on 
cracking phenomena and to the development of a procedure 
for a reasonable prediction of the cracking of earth 
dams, and 

to suggest a design procedure that contributes to the 
minimization of the possibilities of cracking of earth 


dams. 


Scope of the Present Work 


Laboratory studies on tensile behaviour of soils are 
restricted to a mountain till that represents a typical 
core material generally used for the dams constructed 
in western Canada. The influence of the most important 
factors, namely the water content at failure, the com- 
pactive effort, the rate of loading, and the addition 


of bentonite to till, on the tensile characteristics of 
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soni has been investigated. The laboratory studies are 
described in Chapter II. 

(2) Suitable simulation procedures for linear and non-linear 
finite element analyses for two and three dimensional 
conditions have been developed. These procedures are 
described in Chapter III. 

(3) Parametric studies to investigate the influence of 
construction sequence, non-linear stress-strain relation- 
ships of materials, and three dimensional effects on the 
development of tensile cracks during or at the end-of- 
construction period have been conducted. Studies on the 
first two factors namely, the construction sequence and 
non-linear material properties are extensions of the work 
done by Strohm and Johnson (1971). The other critical 
staves,esucns as tne Tirst: fililang of reservoir, ore an 
earthquake, have not been investigated. All the studies 
in this work are restricted to tensile cracking. Cracking 
due to shrinkage effects and shear is not considered. 

All the parametric studies are described in Chapter IV. 

(4) A design procedure that takes into account the redistri- 
bution of stresses due to non-homogeneity of the materials 
of the dam, has been suggested to minimize the transverse 
tensile cracks near the abutments. This procedure has 
been described in Chapter IV. 

(5) The simulation procedure that utilizes the analytical 
tools developed in Chapter III has been applied to a 


case study for verifying its usefulness in practice. 
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. This case study is presented in Chapter V. 
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CHAPTER II 


LABORATORY STUDIES ON THE TENSILE 
BEHAVIOUR OF SOILS 


Cie Cope 


This chapter discusses the usefulness of the laboratory 

studies on the tensile behaviour of soils for the analysis 

of cracking of earth dams. Laboratory tensile studies on 
soils by the previous investigators are briefly reviewed. 
Different tensile test methods applicable to soils are exa- 
mined and the indirect tension test procedure used in the 
present work is described. Tests performed to evaluate the 
influence of different factors on the tensile behaviour of a 


typical core material are described and the results discussed. 


2.2 Introduction 

When compared to the extent of work done on the shear 
strength and the deformational behaviour of soils, the amount 
of research directed towards an understanding of the tensile 
behaviour of soils is very meagre. This is mainly.due to 
the generally low tensile strength of soils. Although it is 
reasonable to assume zero tensile strength for soils in the 
analysis and design of earth dams, a knowledge of the behaviour 
of soil in tension is still required for an effective control 
of cracking of earth dams. Laboratory tests were undertaken 


to study the tensile behaviour of Mica Till, a soil represent- 
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ing typical core materials generally used for dams in western 
Canada. The effects of the moisture content, the strain rate, 
the compactive effort, and the addition of bentonite to till 


on the flexibility characteristics of till were examined. 


2.3 A Brief Review of Previous Studies on the Tensile 
Behaviour of Soils 


A systematic study on the tensile strength of compacted 
soils, by testing relatively large specimens under direct 
tension, was reported by Tschebotarioff et al. (1953). The 
soil sample had the shape of a briquette, similar to the one 
normally used in testing cement mortar in tension. The speci- 
men was 52" in total length and 3" in thickness. The width 
was reduced from 18" at the ends to 6" at the test section, 
which had a length of 16". The specimen, compacted by stand- 
ard proctor tampers, was supported horizontally on ball bear- 
ings to avoid friction. The important findings of this study 
were as follows: 

(1) The tensile strength and the strain at failure of a clay 
depended on the type of clay mineral in the soil. 
Montmorillonite exhibited the highest tensile strength 
and tensile strain at failure whereas the corresponding 
quantities for kaolinite were the lowest. 

(2) The tensile strength was affected by the water content, 
the time elapsed between mixing and testing and the rate 
Ones cia 1 Nie 


(3) The addition of bentonite to sand increased the tensile 
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strength of bentonite by about 50% when the mixture had 
a composition of about 15% bentonite and 85% sand. 
Further addition of sand decreased both the tensile 
strength and the tensile strain at failure of the mixture. 

From the preceding observation one can expect the possi- 
bility of considerably improving the tensile behaviour of a 
relatively non-plastic soil such as till by the addition of 
an optimum quantity of bentonite. 

Narain (1962) studied the tensile behaviour of six soil 
types of which five were obtained from earth embankments with 
known construction conditions. The sixth soil was a limestone 
clay of relatively high plasticity that had a plasticity index 
of 45% and a liquid limit of 72%. The soils from embankments 
varied from non-plastic to a plasticity index of 16. For a 
given soil type, relationships were obtained between the ten- 
sile strain at the initiation of cracking and the compactive 
effort, moulding water content and the rate of loading. All 
the tensile tests were performed on soils moulded into beams 
3" wide, 2.75" deep and 22.125" long. The soil was compacted 
in ten equal horizontal layers with an actuated vibrator hav- 
ing a 2.5" square base plate, weighing 16 lbs. Different 
compactive efforts could be simulated by adjusting the time 
of compaction. Loss of moisture from the specimen was pre- 
vented by coating the specimen with a layer of 50% petrowax 
plus 50% petrolatum oil. The beams were loaded at the centre 
by adding dead weights at rates that caused failure in 2 days 


to 6 months. From the deflections of beams obtained by cathe- 
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tometer observations of tungsten pins inserted into the beams, 

the tensile stresses and strains were computed. The computa- 

tion of stresses and strains was based on a solution obtained, 
using the elastic theory, for a rectangular beam with known 
displacement boundary conditions. The rupture of beam in- 
variably occurred near the midspan after the formation of the 
first crack. Parallel compression tests were conducted on 

all the soils to compare their behaviour in compression with 

that in tension. The main conclusions drawn from these tests 

were as follows: 

(1) The ratio of tensile strains at cracking to the compres- 
Sive strain at failure varied widely from 0.01 to 0.1 
with no consistent pattern, indicating that compression 
tests are of little value in assessing the tensile strains 
in soils at cracking. 

(2) An increase of moulding water content from 2% to 3% dry 
of optimum to nearly optimum substantially increased the 
flexibility of soil. At comparable moisture contents with 
respect to the optimum, an increase of compactive effort 
substantially decreased the flexibility. 

(3) Clays of high plasticity are, in general, more flexible 
than clays of low plasticity. However, the flexibility 
of soils with low plasticity could not be correlated with 
their plasticity characteristics. 

(4) Rapid straining of soils caused failure at lower tensile 
strains and stresses compared to those obtained from 


slow rates of testing. 
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Inglis and Frydman (1963) examined the suitability of 
the different tensile test methods for soils. Direct tension 
tests, indirect tension tests and flexure tests were performed 
on soil specimens of different sizes and different composi- 
tions. In order to cover a wide range of strengths in the 
Specimens tested, Portland cement was added to at and 
Sand in varying small amounts. It was concluded that an 
indirect test would be useful and sensitive for sta- 
bilized materials as extreme as kaolin and uniformly graded 
coarse sand. Simplicity in test operation, low variability, 
and sharp failure were observed. The length of the specimen 
did not affect the test results significantly indicating that 
relatively thin specimens could be tested with minimum compac- 
tion inhomogeneities. 

Hasegawa and Ikeuty (1966) tested a soil with a plastic 
limit of 80%, a liquid limit of 98%, and an optimum water con- 
tent of 82% in direct tension, using briquette shaped speci- 
mens, similar to those used by Tschebotarioff et al. (1953) 
but of much smaller dimensions. The overall length of the 
specimen was 19 cm. with a middle test section of 2 cm. x 
2 cm. in cross section and 7 cm. in length. The tensile load 
was transmitted to the specimen through thin steel plates 
embedded into the specimen at the enlarged ends during com- 
paction. The specimen was kept horizontal and the friction 
was avoided by floating the specimen on mercury. The tensile 
strain was measured by observing through a cathetometer, the 


movement of two ceramic marks, kept initially at a distance 
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of 5 cm. apart. The failure took place perpendicular to the 
axis of loading but at different locations along the length 
of the specimen, sometimes occurring even at the ends. A 
maximum strain of 5.5% was measured for the soil tested. A 
decrease of tensile strength and increase of failure strain 
with the increase in moisture content were observed. 

Narain and Rawat (1970) tested six soil types, covering 
a wide range of plasticity characteristics, under a diametral 
compression to determine their tensile strength at different 
moulding water contents. The specimen, 4" dia. x 4.6" in 
size, was supported on 5/8" wide and 1/4" thick rubber strips 
for even distribution of the load along its length. The good 
reproducibility of the results reported, indicates the suit- 
ability of the indirect tension test (Brazilian test) for com- 
pacted soils. Comparison of the ratio of unconfined compres - 
Sive strength to the tensile strength at the optimum water 
content for different soils tested showed that the ratio was 
less for the more plastic soils. 

Fang and Chen (1971) developed a new simple test, known 
as the double punch test, for testing soils in tension. The 
test consists of loading a cylindrical soil specimen by apply- 
ing two steel punches at the centre on both top and bottom 
surfaces of the specimen. A simple formula, based on the 
theory of plasticity was developed for computing the tensile 
strength of soils. The test results for various materials 
including concrete, mortar, soil, and bituminous concrete were 


compared with those of the indirect test and good agreement 
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among the results were reported. However the measurement of 
tensile strain during a double punch test on soil specimen 


appears to be difficult. 


2.4 Different Types of Test for Tensile Testing of Sovls 


Based on the experiences reported in previous investiga- 
tions on tensile testing of soil, stabilized soil, concrete, 
rock and bituminous concrete, a general evaluation of the 


common tensile test methods appears to be possible. 


2.4.1 Direct or Uniaxial Tension Test 

A direct tension test, although quite simple in inter- 
pretation, is rather difficult to apply to soils and other 
materials which have a low tensile strength. The main diffi- 
culty arises in the satisfactory application of load to the 
ends of the specimen. A number of methods such as freezing 
the ends of specimen (Haefeli, 1951), cementing the ends of 
specimen to loading blocks with a quick-setting polyester resin 
(Bofinger, 1970), enlarging the ends of the specimen to form 
a briquette (Tschebotarioff et al., 1953) and embedding load- 
ing plates in the enlarged ends of specimen (Hasegawa and 
Ikeuty, 1966) were adopted. Slight eccentricities in loading, 
Stress concentrations at the ends, and compaction planes in 
the case of cylindrical specimens (Ingles and Frydman, 1963) 
affect the reproducibility of test results to a considerable 
extent. When soils are to be tested at high water contents 


or when the dimensions of the specimen are large, the horizon- 
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tal application of load is preferred. This necessitates an 
elaborate arrangement for the application of load without 
friction and eccentricity (e.g., Tschebotarioff et al., 1953). 
2.4.2 Flexure or Beam Test 

This test is considerably easier to conduct than the 
direct tension test. The preparation of the specimen and the 
application of load do not require as much care. To some 
extent the loading conditions in this type of test are Simi- 
lar to the field loading conditions of an earth a which, for 
purpose of analysis, can be considered as a beam (Narain, 
1962). However, as the failure is induced at the surface, 
skin effects produced by the uneven distribution of compaction 
pressures, especially in soils of low plasticity tend to 
influence the results to a large extent (Ingles and Frydman, 
1963). Since a part of cross section of the beam passes into 
the plastic range, the stress distribution in the specimen is 
not defined. Hence the tensile strength computed by the simple 
bending theory will be in error. However, Bofinger (1970), 
using a theory that accounts for a different moduli in tension 
and compression and plastic behaviour of soil, obtained ex- 
treme fibre flexural stresses which are not markedly different 
from the strengths of soil-cement specimens obtained by direct 


tension tests. 
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cular cylinder or disc with compressive loads along two dia- 

metrically opposite generators, was developed by Carneiro and 

Barcellos (1953) in Brazil and also by Akazawa (1953) in 

Japan. A relatively uniform tensile stress perpendicular to 

and along the diametral plane containing the applied load 

usually causes splitting failure along the loaded plane (Fig. 

2.1). The test was originally developed for concrete and 

mortar specimens, however its use has been found satisfactory 

for materials such as rock (Mellor and Hawkes, 1971), stabi- 
lized soils (Thompson, 1965), bituminous mixtures (Breen and 

Stephens, 1966) and soils (Narain and Rawat, 1970). Based on 

the previous investigations it is generally recognized that 

an indirect tension test has the following advantages: 

(1) Specimen preparation and its handling are considerably 
easier. 

(2) Equipment needed for the test is similar to that of a 
compression test. 

(3) Failure is relatively insensitive to the surface condi- 
tions and compaction planes of the specimen and is initi- 
ated in a region of relatively uniform tensile stress. 

(Aye Variation of, the test. results is low. 

(5) For brittle materials and when performed properly, the 
test is capable of giving a good measure of uniaxial 
tensile strength (Mellor and Hawkes, 1971). 

However, since the formula used to compute the tensile stress 

in the test is based on the assumption of homogeneous, iso- 


tropic elastic material there will be an error in the estimate 
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of tensile strength of real materials. In addition the rela- 
tionship between the tensile stress and tensile strain cannot 
be obtained directly because of the biaxial stress conditions 


of the test (Bofinger, 1970). 


2.4.4 Choice of the Type of Test for Present Studies 


The simplicity in preparation and handling of test speci- 
mens and the consistency of test results lead to the adoption 
of the indirect tension test in this investigation. The error 
caused in the estimate of tensile strength of materials whose 
moduli.differ in tension and compression is examined in 
St oegoh 2.5.2. A procedure to derive the tensile stress- 


stramne@retationshipsis indicated in Section 2.5.3. 


2.5 Theoretical Consideration of the Indirect Tension Test 


mee neoreti cal Stress Solutions 

Hertz (1883) obtained a stress solution for a disc or 
cylinder compressed normally by line loads along diametrically 
Opposite generators. Later, a number of investigators (e.g., 
Timoshenko and Goodier, 1951; Wright, 1955; Frocht, 1957) 
considered the same problem. Hondros (1959) gave a complete 
stress solution for the case where the load is distributed 
Over sfinite arcs, Valid for conditions of both plane stress 
and plane strain. Colback (1966) observed that the presence 
of a diametrical fracture plane originating from centre is 


essential if the test is to be accepted as valid. Favourable 
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conditions for the acceptability of the test are generally 
obtained by distributing the applied load over small areas. 

A distributed load, when applied over a length less than a 
tenth of the diameter of the specimen, prevents local com- 
pressive failure without significantly altering the stress 
conditions at the centre of specimen that are valid for a 
line load. Fig. 2.1 compares the theoretical distribution 

of vertical and horizontal principal stresses along the verti- 
cal or loading diameter for conditions of line loading and 
distributed loading over an arc of length equal to 1/12 of 
the diameter of the specimen. The two principal stresses 
along the vertical diameter for distributed loading are given 


by Hondros (1959) as: 


Be 1-(r/R)*Jsin 2a = ban Tp le(rsR)s 


= tan al} 
: mRta 2(r/R)*cos 20 + (r/R)* 1-(r/R) 


(22 1a) 
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p mRta 1- Hea ee 20 + (r/R)* 1-(r/R 


where P is the applied load, R is the radius of the specimen, 
t is the thickness of the specimen, 2a is the angular distance 
over which P is assumed to be distributed radially (normally 
< 15°), and r is the distance from the centre of the specimen 
CEigse ¢2alj. At ithe centre. OT specimen the stresses are given 


by: 
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For line loading the stresses along vertical diameter are given 


(Frocht, 1957) by: 


o,=t+ —— (2.3a) 
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Fig. 2.) shows that a distributed load gives.a finate 
value of compressive stress at the point of load application 
Whereas the compressive stress in the case of a line load is 
infinite. Because of the stress condition that exists at the 
centre (30, eA 0) the initiation of tensile failure for a 
brittle material, according to Griffith's criterion, should 


occur at the centre of the specimen. The tensile stress 


corresponding to the initiation of failure at centre is then 
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equal to the uniaxial tensile strength of the material. When 
the load Pe corresponding to the failure is known, the tensile 
strength of the material tested can be obtained from: 

f 


Svea cary (2.5) 


It is interesting to note that an identical formula for the 
failure tensile stress could be derived assuming the material 


to be perfectly plastic (Chen, 1970). 


2.5.2 Effect of Different Elastic Moduli in Tension and 
Compression 


In the derivation of the stress solution discussed in 
the previous section it was assumed that the elastic moduli 
in tension and compression were equal. In general, for mater- 
ials of very low tensile strength it is observed that the modu- 
lus in tension is considerably smaller in magnitude than that 
in compression. Bofinger (1970) observed that for an inactive 
clay (liquid limit 53% and plastic limit 20%) when stabilized 
with 6 to 10% ordinary Portland cement, the ratio of modulus 
in compression to that in tension varied from 7.5 to 11.1. 
Because of different elastic moduli in compression and tension, 
the tensile strength of the material estimated with the use 
of the Eq. 2.5 will be higher than the correct value. A 
numerical solution that considers different elastic moduli 
in tension and compression has been obtained here with the 
use of the finite element method. When moduli differ in ten- 


sion and compression the material can be considered as bilinear 
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and the solution technique by successive approximations 
suggested by Wilson (1963) can be used to obtain a numerical 
solution to the problem. The stress-strain relationship for 
a bilinear material is of orthotropic form and can be written 
in terms of principal coordinate system for plane stress 


condition as: 


oO, cE. VoEy 0 ey 
app thas ep nal bomen ars E 0 7 (0: bay 
c T-viv ene Cc c j 
Cc 
0 0 0 G 0 


where Oo, the tensile principal stress 
oO the compressive principal stress 
ey the tensile principal strain 
€ the compressive principal strain 


E the modulus in tension 


t 
E the modulus in compression 
Ve the Poisson's ratio associated with tension 
Vo the Poisson's ratio associated with compression 


G the shear modulus prescribed independently. 


From symmetry considerations of the constitutive matrix given 


above 


VE, = VE (2.6b) 


Writing E/E, = n and G = gE. the constitutive matrix can be 


expressed as: 
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The constitutive matrix [c] is defined if E> Vo» m and g are 
prescribed. For an isotropic material the extreme values of 

g corresponding to Poisson's ratios of zero and 0.5 are 0.5 
and 0.33 respectively. As g is an independently prescribed 
quantity it is reasonable to assume that about 0.4 represents 
approximately an average condition for soils that have differ- 
ent moduli in tension and compression. However, solutions 

for different values of g ranging from 0.2 to 0.5 are obtained. 
The variation of n is considered from 1 to 15. The finite 
element procedure is given in detail in Appendix D. Fig. 2.2 
compares the finite element solution with the theoretical 
solution for the distribution of tensile and compressive 
stresses along the horizontal diameter of the specimen. A 
close agreement between the solutions can be noticed. Finite 
element solutions for E/E, = 10 and g = 0.4 are also shown 

in Fig. 2.2 for two values of Vo namely 0.10 and 0.35. An 
increase in compressive stress and decrease in tensile stress 
when compared to the isotropic case, at the centre of the 
Specimen can be seen. The solution is little affected by the 
value of Poisson's ratio used in the analysis as can be seen 


from Fig. 2.2. Fig. 2.3 gives the tensile and compressive 
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stress at the centre of specimen obtained by the finite element 
method for different values of E/E, and g. The stresses are 
not significantly sensitive to the variation of g especially 
over the range between 0.3 and 0.5. Hence it is reasonable, 

in the absence of a correct estimate of g, to assume that the 
variation of the stresses at centre as dictated by the ratio 
E/E, for an average value of g equal to 0.4 serves the pur- 
pose of evaluating an indirect tension test. Based on this, 
the variations of the tensile and compressive stresses at the 
centre with the ratio E/E, for the value of g = 0.4 is plotted 
in Fig. 2.4. This plot was used in subsequent computations 
(Section 2.9). The distribution of the tensile and compres - 
Sive stresses along the horizontal diameter of the specimen 


for various values of E/E, Ls, snownmin) Figs 2.5. 


2.5.3 Evaluation of the Tensile Stress-Strain Relationship 


Since the indirect tension test involves a biaxial 
stress state at the centre of the specimen, the tensile strain 
obtained from the test includes that caused by the compressive 
stress in the vertical direction. To obtain the tensile 
stress-strain relationship it is necessary to deduct the ten- 
sile strain due to the compressive stress from the observed 
tensile strain. As the tensile stress at failure: tor sos 
is generally low, the compressive stress that exists at the 
centre of the specimen while it fails in tension is also low, 
this being equal to three times the tensile stress at failure. 


For the range of this low compressive stress an appropriate 
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compression modulus (E.) and a Poisson's ratio (v.) on be 
obtained by conducting an unconfined compression test on the 
Same soil. The observed tensile strain at the centre of speci- 
men in an indirect tension test can be expressed for plane 


stress condition as: 


PeeXC yc 
Exc ae ae cae 2-8) 
where ops Fv represents respectively the tensile and com- 


pressive stress at the centre, ans the observed tensile strain 
at centre and E, the modulus in tension. The tensile strain 


due to tensile stress alone can be obtained from: 


Oo 
ee, er ee (2.9) 


Initially, as cE. is not known, o and Ove can be computed 


XC 
for E/E, = 1. From tensile stress-strain relationship 


obtained after the first trial, E, is derived and the ratio 


t 
E/E, computed. In the second trial the appropriate values 

of O5R and ve are derived from Fig. 2.4 for the known E/E, 
and used in Eq. 2.9 to obtain the new tensile stress-strain 
relationship. Now the EY can be derived from the present ten- 
Ssile stress-strain relationship and the E/E, can be recom- 
puted and compared with previous value of E/E... The procedure 
can be repeated until close agreement is achieved between the 


successive values of E /E,. An example illustrating the pro- 


cedure appears in Section 2.9. 
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2.6 Experimental Set-Up for Laboratory Tensile Tests 


2.0.1 Load Measuring Device 


Since the tensile stress to be measured for soils is 
small, the load measuring device should be sufficiently sensi- 
tive to record small loads. The system should be rigid caus- 
ing negligible deformation in the load measuring device. The 
recording equipment should be such that it is possible to 
record measurements of load and deformation at close inter- 
vals. This will lead to a precise evaluation of the stress- 
strain relationship especially at the failure of Specimen. 

All tensile tests were performed on a strain controlled 
loading machine having various constant speeds including a 
minimum of 0.000013"/minute. The load was measured by a 
sensitive, 300 lb. capacity tension-compression miniature 
transducer load cell, (Fig. 2.6) manufactured by Intertechno- 
logy Ltd., Don Mills, Ontario. The load cell is temperature 
compensated, has 50% over load capacity, and could be operated 
satisfactorily in a moist room at 95% relative humidity and 
at a temperature of 45°F to reduce the loss of moisture from 
the specimen. The load cell is supplied with 10 volts d.c. 
and the output is picked on a: the channels of the d.c. 
Strain gauge control (Figs. 2.7 and 2.8). The channels were 
Scanned and recorded by a Hewlett-Packard data acquisition 
system (Figs. 2.7 and 2.8). The readings could be taken at 
intervals of time ranging from 1 second to 1 hour. The mini- 
mum load that could be recorded with the system is 0.1685 lbs., 


equivalent to 0.01 millivolts. 
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2.6.2 Tensile Deformation Measuring Device 


Tensile deformation measurement in soils is rather 
involved because of the difficulty in attaching the tensile 
deformation measuring device to the soil specimen and the 
need to measure extremely small tensile deformations. In 
the present studies a clip gauge shown in Bigs *.V299R 62 AOGS ) 
and 2.10(b) was used to measure the displacement between two 
brass guage blocks attached to the specimen on either side 
of its centre by means of Phenyl Salil oy late wass imi lar clit 
gauges were successfully used in the past by the Alberta Re- 
search Council, Highways Division, Edmonton to obtain the tensile 
deformations of soil-cement specimens. 

The clip gauge consists of two arms of 1%" long, " 
Wide and 0.015" thick "feeler gauge" material firmly soldered 
to two brass blocks as shown in Fig. 2.9(a). The two arms 
were provided with brass knife edge points at their ends so 
that the clip gauge sits snugly between the grooved sides of 
the gauge blocks (Fig. 2.10(a)). The brass ends of the clip 
gauge were kept at a fixed distance apart on either end of a 
spacer by means of a screw and a pin (Fig. 2.9(a)). The 
thickness of the spacer selected was such that a distance of 
0.915" between the ends of knife edge points was obtained in 
the unstrained state. When the gauge sits within the grooves 
of the gauge blocks the distance between the knife edge points 
is 0.84" so that a maximum tensile strain of 8.92% can be 
read over the entire range of the clip gauge. A distance 


greater than 0.915" was not found to be desirable as in this 
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case the two arms of clip gauge in the initial strained posi- 
tion, exerted excessive pressure on the gauge blocks Causing 
them to come off the specimen. The two cantilever arms, which 
tend to reach the unstrained position as the specimen under- 
goes tensile deformation, were fitted with two Budd's metal 
film strain gauges (type C6-111, gauge factor 2.4, 120 ohms) 
to measure the tensile deformation (Fig. 2.9(a)). To achieve 
a maximum signal output, one of the gauges was fixed on the 
compression side of one arm while the other was on the ten- 
sion side of the other arm. Two resistors of 120 ohms each 
were put into the circuit to make it a full bridge circuit 
(Fig. 2.9(b)). The transducer amplifier indicator (Figs. 2.7 
and 2.8) supplies 3 volts a.c. at 3kHz to the strain gauge 
circuit, receives back the a.c. signal from the circuit, 
amplifies and converts into a d.c. signal wiiee is read by 

the data acquisition system. As the tensile deformations were 
to be read from both ends of the specimen, two clip gauge 
units with two transducer amplifier indicators have been used 
(Figs. 2.7 and 2.8). The minimum tensile strain that could 

be read with the set up used is 0.002%, equivalent to 0.01 
MPkehuVvol tse oA eaveDe Te (linear variable differential trans- 
former) of 6 volts was fixed to the loading head (Fig. 2.10(b)) 


to check the rate of loading of the specimen. 


2./ Experimental Set-Up for Laboratory Compression Tests 


The unconfined compression tests were conducted on the 


same loading machine with the same load cell used for the ten- 
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sile tests. The tests were performed on 4" dia. x 8" long 
samples with lateral strain measurement (Fig. 2.11). The 
lateral strain measuring device used is a modification of 

the lateral strain indicator described by Bishop and Henkel 
(1962) for performing compression test on 4" dia. samples 
under zero lateral strain. The modification was the replace- 
ment of the diaphragm-mercury indicator by an L.V.D.T. of 24 
volts with a thin wire tied to the lower end of the core while 
the upper end was supported by a spring (Fig. 2.12). The 
relative movement of two curved metal pads which bear lightly 
on the surface of the sample is magnified twice by the hinged 
ring which embraces the sample and is imparted to the thin 
wire, stretching across the two ends of the ring (Fig. 2.12). 
The wire causes the vertical movement of the core of L.V.D.T. 
equivalent to twice the amount of the lateral displacement of 
the specimen. Lateral strains are measured here to compute 
the Poisson's ratio during the unconfined compression of the 
Specimen. The vertical displacement of the specimen is mea- 
sured by a 6 volt L.V.D.T. attached to the loading plunger 


Of themtraaxdalpcelinas#shownvan Fig. 2.11. 


émde Déescriptiongof Laboratory Tests 


2.8.1 Description of Soil Used for Tensile and Compressive 


Tests 
Mica Till was used in all tensile and compressive tests 
to represent the tensile and compressive stress-strain char- 


acteristics of a typical brittle core material of an earth dam. 
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Some tension tests were performed on Mica Till mixed with 6% 


bentonite to study the effect of adding a plastic material 


to the core material. Mica Till tested, has the following 


properties: 


Liquid limit TERZS 
Plastic limit 14.7% 
Plasticity index 25 
Proctor maximum dry density 138280 8p ct 


(material passing #4 sieve) 


Proctor optimum water content 92% 
(material passing #4 sieve) 


The gradation curve for Mica Till for sizes less than 374" 


is shown in Fig. 2.13. Mica Till mixed with 6% commercial 


bentonite (liquid limit 591%, plastic limit 87%, and activity 


5.6) has the following properties: 


Core 


Liquid limit 42.0% 
Plastic limit aly eaters 
Plasticity index | 20.8 
Proctor maximum dry density 126. 09%per 


(material passing #4 sieve) 


Proctor optimum water content 10.8% 
(material passing #4 sieve) 


Tests Performed 
Fifty-two tension tests and four unconfined compression 


were performed altogether as detailed in Table 2.1. 


Soil Preparation and Compaction of the Sample for 
Tension and Compression Tests 


The till obtained from borrow area of Mica dam had a 
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water content of about 12%. The soil was forced through a 
#4 sieve and the material passing the sieve was air dried 
for a week. The dried soil was stored in plastic bags. 
Twenty-six hundred grams of the air dried soil was mixed 
with the required quantity of distilled water by weight in 
a mechanical mixer for 3 minutes. The soil thus mixed was 
forced through a #4 sieve to remove all lumps. A uniform 
mixture was achieved without difficulty because of the non- 
plastic nature of soil. However, when 6% bentonite was mixed 
with Mica Till it was relatively difficult to force the soil 
through a #4 sieve when the water content was well above 
optimum. In such cases the lumps were broken by hand. The 
loss of water during mixing and compaction was compensated 
by adding about 0.5% more water than required. The soil 
mixed with water was kept in a moisture proof plastic bag 
and stored for 24 hours in a moist room. 

The soil was compacted in a mould 4" in diameter and 
1.53" high fitted with a collar. An automatic compactor with 
a hammer weighing 5.5 lbs. and a height of fall 12" was used 
for compacting the specimen. A specimen of 4" diameter and 
1.53" was obtained after trimming. Three such specimens were 
obtained from each batch of 2600 grams of air dried soil. 
All the tensile test specimens were prepared using dynamic 
compaction. The effect of type of compaction such as knead- 
ing or vibratory compaction was not studied. The number of 
blows was maintained at 25 for M, B and T series of the tests 


(Table 2.1) and varied only for the C series in which the 
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effect of compactive effort was studied. Greater compactive 

effort was simulated by increasing the number of blows while 

the height of fall and the weight of the hammer were kept 
constant at 12" and 5.5 lbs. respectively. The thickness of 
sample selected was 1/3 the height of the standard proctor 
sample. A sample 4" dia. x 1.53" was preferred over the full 
proctor sample (4" dia. x 4.59") for the following reasons: 

(1) The quantity of soil to be handled for each specimen 
is smaller. 

(2) Non-homogeneity caused due to compaction of standard 
proctor sample in three layers is avoided. 

(3) For the evaluation of tensile strains a plane stress 
condition can be assumed with the size of sample selected 
while it is neither a plane strain nor a plane stress 
condition for the full proctor sample. Also a plane 
stress condition simplifies the evaluation of tensile 
strain when modulus in compression differs from that in 
tension (Sectionse2% 522, 2.9,"and) Append x) Djcks Int the 
case of a plane strain analysis the Poisson's ratio 
associated with the third direction also enters the con- 
stitutive matrix. 

(4) A thinner specimen would lead to a better correspondence 
between the tensile deformations measured on the two ends 
of the specimen. 

For the compression tests the soil mixed with water as 
described above, was compacted in a 4" diameter by 8" high, 


3 part split mould in 5 equal layers. Twenty-five blows of 
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a standard 5.5 pound hammer with a 12" drop were given on 
each layer. 

The compaction curves obtained on different size samples 
are compared in Fig. 2.14. A close agreement among the mois- 


ture-density relationships can be noted. 


2.8.4 Specimen Preparation for Tension Test 


The compacted soil specimen for a tension test was 
weighed for the determination of its density. Two gauge 
blocks are fixed to both ends of the specimen to receive the 
tensile clip gauges. To facilitate correct location of the 
gauge blocks at both ends of the specimen, a gauge-block locat- 
ing jig, from here on in referred to as jig, was used. The 
jig as shown in Fig. 2.16 had four straight edges fixed to a 
brass disc of 4" diameter. The disc had two Square holes to 
receive the two gauge blocks of 3/8" x 3/8" size separated 
by a fixed distance of 0.84". Two straight edges were fixed 
on the ends of the diameter joining the gauge blocks while 
the other two were fixed on the ends of the diameter perpendi- 
cular to the former. The soil specimen was kept on a wooden 
block with two holes to receive the gauge blocks, the jig was 
placed on the specimen and the four generators on the circum- 
ference of the specimen were marked along the four straight 
edges of the jig (Figs. 2.15 and 2.16). Marking the genera- 
tors facilitated the setting of gauge blocks on the other end 
of the specimen exactly in opposite positions and at the same 


gauge length of 0.84". After marking the generators a few 
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drops of phenyl salicylate at 200°F temperature were dropped 
into the square holes and the gauge blocks were set in posi- 
tion by lightly pressing them into the molten liquid. The 

jig was removed from the specimen without disturbing the 
blocks. In a few minutes the liquid set and held the gauge 
blocks firmly to the specimen. To the other end of the speci- 
men also the gauge blocks were attached in a similar manner 
after turning the specimen upside down and orienting it pro- 
perly so that the lines marked previously coincided with the 
straight edges of the jig. Any phenyl salicylate that 

entered the grooves of the gauge blocks was removed with a 
sharp knife. The specimen was then held on a stand (Fig. 
2.17(a)) and dipped into a mixture of 50% petrowax and 50% 
petrolatum kept in a molten condition at about 55°C. A thin 
and pliable coat of the mixture thus formed not only prevents 
the loss of moisture from the specimen but also forms a pro- 
tective coat to prevent the edges from spalling. The specimen 
thus prepared was cured in the moist room for about 2 weeks 
before testing. 

Before performing the tensile test the wax covering the 
gauge blocks of the specimen was removed to insert the knife 
edge points of the clip gauge into the grooves of the gauge 
blocks. A strip of wax along the thickness of the specimen 
was removed at both ends of the vertical diameter so that 
the surface of soil was in direct contact with the loading 
strips. The loading strips used were butyl rubber 0.385" 


wide and 0.185" thick. From the preliminary tests it was 


i 

























BE 


ees 
~*pD 


besqqotb stow osudersqnis’ 7°905 46 odsl\yotiee fyneiq to @ tb 
~F20q nt #92 sv9w 2toold spusp 35 bas 2afon sisupe ons ovat 
‘oat _brupt? nstiom ott otnTt mand pateeetq yfodptt yd wots 7 
sft patdvuserb tuontiw nsmrasqe sid mor? bsvenst 26w oh 


spusp sd¢ bIish bas toe bivpri ond zadunrm wat 6 nl cates 


.nontoasqe ong ot vlna? zt00Td’ ; : 


-topa2 sat to brs Yesdso ant of 
asndem velimre 6 nt bstossis ovow edo0ld spvEp sit o2fs nem 


; . = 
-ovg Jf patinstio bone nwob sbfequ newtosge snd pained vests 
as 


eds Witw bobtontoo vfevetyestg bedism 2ant! sid tans oe yltsq a7 


tsdt stelvotis2e Fynsda yoA ore snd Te zepbs saphett2 


s dttw bevomey 26w 2dooTd spusp sft to 2esvoo1p SA DEVSIAS ~ 
- 7 

-pT1) baste 6 no bilan nods 2esw nomtosqe ont sem rnR qusd2 
a” 


~%02 bas xsworssq $02 to svustxtm 6 otnt beqqth bas (fejetis i_ 
| _ 
ctat A .9°@@ guods 6 notsrbnoo netiom 5 at tqsa mutehowseg 


¢ 7 
ejnevetd vino son bomiot 2uds syusxim sit to Jsoo sidetig one i 
aus) 
-o71q 6 emiot o2i5 Jud nomtosqe std mort svus2tom To 220f of 


: 


asmisosqe sit .pnilisqe mont 2zepbs Sit Basyva1q OF JSOD ovitast 


v 
all 


exsaw S duods YoY mooy s2erom oi nt boivs esw bevsgeng euns 
a 
oniseod oeted | 


Sq7 pAtysvoo x6w sit tess siftensd ofd pnintetisq sxotee GF 


| _ ; 
Stind shi tv92ni o+ bsvoma 1 zaw nemfseq2 snd to eX00%d epuse. a 


- — S2uBp ens to 2avootp sit otnt sovep qifa std to 2A fog 9ebs. 


_ i ; : : , 
= ent to 2zondotds oft ppols xBW to Gitte | 






ites 


v. 7 aca a 
to, 2ebns dsod ? —- a 
— -- : m_ 


. 
oe 
=? 


- ihe es a> 958 16 >| [apidisv 9 





a 
7 i 






. 7 
7 


39 


found that the type of rubber used was neither too soft nor 
too rigid for the proper distribution of load to the samples 
tested. The width chosen for the loading strips was slightly 
less than a tenth of the diameter of the sample so that the 
theoretical stress distributions at the centre of the speci- 
men for a concentrated load was valid. A greater width for 
the loading strip causes the specimen to mobilize greater 
resistance than that needed to cause the initial fracture. 

A typical brittle failure observed in all the tension tests 


performed is shown in Fig. 2.17(b). 


2.8.5 Tension Test Operation 


All the tension tests were performed in the moist room 
at 45°F and 95% relative humidity. The variations in tempera- 
ture and the relative humidity were +2°F and +5% respectively. 
The purpose of conducting the test in a moist room was to 
avoid loss of moisture from the specimen especially during 
long term tests. The specimen was properly positioned in the 
loading machine before the application of the load as shown 
in Figs. 2.10(a) and 2.10(b). While the load was applied to 
the specimen the load cell, the two strain gauges and the 
L.V.D.T. readings were recorded on a paper by the data acquisi- 


tion system at an interval of time, set on the digital clock. 


2.8.6 Computation of Tensile Stress and Strain 


The readings obtained in volts and millivolts on the 


recording paper were converted to the proper units by using 
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the appropriate calibration factors determined prior to test- 
ing. It was assumed that a tensile crack was initiated at 
the peak load and the tensile stress at failure was computed 
using Eq. 2.5. From the tensile deformations recorded at 
peak load from both ends of the specimen the tensile strains 
were computed and were averaged. The resulting strain was 
taken as the average observed tensile strain at failure. The 
average tensile strain was observed over a gauge length of 
0.84". To obtain the tensile strain at the centre of the 
specimen, the average observed tensile strain has to be 
multiplied by a coefficient which can be evaluated from the 
tensile strain distribution on the horizontal diameter of the 
specimen. This tensile strain distribution can in turn be 
computed from the stress distribution shown in Fig. 2.5. For 
the plane stress condition the horizontal tensile strain at 


a distance r from the centre can be expressed as: 
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Cy —— (2.15) 
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The variation of coefficient 7) determined by graphical inte- 
gration of Eq. 2.15 for v. = 023605..) = 0264", sand for E/E, 
ranging trom 1 to 15 1s shown in Fig. 2:18. The use of this 
coefficient in the evaluation of the tensile stress-strain 
relationship is shown in Section 2.9. 

The terms pertaining to the tensile strain used in 
all the subsequent sections mean as follows: Observed tensile 
strain is the tensile strain computed from the tensile deforma- 
tion measured over a gauge length of 0.84". Average observed 
tensile strain is the tensile strain obtained by averaging 
the observed tensile strains computed for both ends of the 
specimen. Observed central tensile strain is the tensile 
strain at the centre of the specimen obtained by multiplying 
the average observed tensile strain by a coefficient (Eq. 
2.15). Tensile strain ("true" tensile strain) is the strain 
caused at the centre of the specimen by the tensile stress 
alone. This strain is obtained by deducting from the observed 
central tensile strain, the tensile strain caused by the com- 


pressive stress at the centre of specimen. 


2.9 An Example to Illustrate the Procedure of Deriving the 
Tensile Stress-Strain Relationship 
As mentioned in Section 2.5.3, in a biaxial indirect 


tension test, the observed central tensile strain consists of 
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strains due to both tensile and compressive stress at the 
centre of the specimen. The following example illustrates 
the procedure for deriving the tensile stress-strain relation- 
ship (Sectiioné2e54 3p . 

An unconfined compression test performed on a 4" dia. x 
8" sample with lateral strain measurement yielded the results 
presented in Fig. 2.19. The water content at failure was 
10.65%, about 1.5% greater than the optimum. The compressive 
stress-strain relationship and the Poisson's ratio, computed 
from measured lateral and axial strains throughout the test, 
are shown in Fig. 2.19. An increase in Poisson's ratio with 
axial strain can be noticed. A tension test was also per- 
formed on 4" dia. x 1.53" sample at the same rate of loading 
(0.005"/min.) as that used in the compression test. The 
results of the tension test are shown in Fig. 2.20 and Table 
2.2. The water content at failure (10.68%) was almost the 
same as that obtained in the compression test. The tensile 
stress was computed using Eq. 2.4(a). This formula is valid 
when the modulus in compression is equal to that in tension. 
In Fig. 2.20 the tensile stress is plotted against the observed 
tensile strains, computed from the measured tensile deforma- 
tion on both ends of the specimen over a gauge length of 
0.84", In the same figure the relationship between the ten- 
sile stress and the average of the observed tensile strains 
is also shown. 

The relationship between the tensile stress and tensile 


strain is obtained using the following steps (Table 2.3): 
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Step 1: A representative value for E. and Vo is chosen from 
the compression test results for the range of com- 
pressive stress realized in the tension test. For 
the example considered, the failure tensile stress 
from Fig. 2.20 is 0.525 psi and the corresponding 
compressive stress at the centre of specimen would 
be 1.575 psi, i.e., three times the tensile stress. 
From Fig. 2.19 representative values for EY and Vv, can 
be selected for a range of compressive stress between 
zero and 1.575 psi. These are 260.9 psi and 0.365 
respectively. 

Step 2: The relationship between central tensile stress and 
central observed tensile strain, shown by a solid 
line in Fig. 2.21, is derived by multiplying the 
observed average tensile strain, shown by a solid 
line in Fig. 2.20, by a coefficient equal to 1.048. 
This coefficient, corresponding to E/E, 2a Lois 
obtained from Fig. 2.18 in which the value of coeffi- 
cient is plotted against E/E, for a Vo equal to 
0%365% 

Step 3: From the relationship between central tensile stress 
and the observed central tensile strain the relation- 
ship between the tensile stress and the tensile strain, 
for E /Ey = 1 is obtained. This relationship is 
shown by a solid line passing through solid circles 
in Fig. 2.21. This relationship is obtained by 


deducting the tensile strain at the centre caused by 
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the compressive stress from the observed central 
tensile strain (Eq. 2.9, Section 2.5.3). 

Step 4: The secant modulus (E,) at 2/3 of the failure ten- 
sile stress is obtained from the tensile stress-strain 
relationship derived in Step 3. The value is 31.99 
psi (Table 2.3) and the corresponding ratio of E/E, 
as?) aN. 

The relationship in Step 3 is obtained for E/E, die 
whereas the actual E/E computed from the relationship is 
equal to 8.16. Steps 2, 3 and 4 are repeated for the E/E, s 
8.16, making use of Figs. 2.18 and 2.4, and the new value of 
E/E is computed. The procedure is repeated until the values 
of E /Ey obtained in two successive cycles of computation 
agree reasonably with each other (Table 2.3). In this example 
the final relationship between tensile stress and strain, 
derived for a value of E/E, = 011,.64,° gives E/E, = #2) 41,0 
which is reasonably close to 11.64. Further calculations 
are not necessary because the corresponding change in the 
final tensile stress-strain relationship is negligible. In 
Fig. 2.21 the final tensile stress-strain relationship is 


shown by a solid line through squares. 


2.10 Discussion of Tension. and Compression Test Results 


Since the tensile deformations were measured on the 
Same gauge length in all the tests performed, the influence 
of various factors has been studied in terms of the observed 


failure strains instead of "true" tensile failure Sstrainss 
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Similarly the tensile strength of the soil as influenced by 
different factors was computed using the formula given by 

Eq. 2.5. Since the purpose of the present study was mainly 
to compare the influence of different factors on the tensile 
characteristics of soil, the somewhat simplified approach 
adopted here was considered to be appropriate enough to bring 


out the salient points. 


a. hOjal sth fifiect .of, Water eContent 

The tensile strength of the low-plastic till tested, 
decreases with an increase in water content at failure (Fig. 
2.22). The observed average tensile strain at failure on the 
other hand increases with the increase in water content at 
failure (Fig. 2.23). The increase in strain becomes dispro- 
portionately high at water contents greater than the optimum. 
Assuming for the present studies, the ratio of the failure 
tensile stress to the observed average tensile strain as a 
measure of stiffness of the soil in tension it can be seen 
from Fig. 2.24 that the stiffness decreases with an increase 


in the water content at failure. 


al ater Chectrof aAGompactame..— front 


As stated in Section 2.8.3, the amount of compactive 
effort was varied by changing the number of blows. The 
weight of the hammer (5.5 Ibs.) and the height of fall (12") 
were constant for all the tests. The water content-dry den- 


sity relationships obtained for 25, 50 and 70 blows are shown 
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in Fig. 2.25. The tensile stress at failure increases with 
the compactive effort for water contents below the optimum 
and decreases slightly with the compactive effort for water 
contents above the optimum (Fig. 2.26). The observed average 
tensile strain at failure and the stiffness of the soil in 
tension are plotted against water content at failure in Figs. 
2.27 and 2.28 respectively. Increasing the compactive effort 
for water contents greater than about 7% causes a decrease 

in the stiffness of the soil in tension. This appears to be 
due to the effect of some softening induced by over compacting 
the non-plastic Mica Till at water contents above and close 
to the optimum. However, increasing the compactive effort 

at water contents well below the optimum increases the stiff- 


ness as well as the tensile strength of soil. 


2.10.3 Effect of Rate of Loading 

The effect of rate of loading on the tensile strength 
and on the observed average tensile strain at failure is shown 
for water contents at 9% and 10.4% in Figs. 2.29 and 2.30. 
Both the tensile strength and the strain at failure attain 
the minimum values at a certain rate of loading depending on 
the water content at failure. Tschebotarioff et al. (1953) 
reported a decrease in tensile strength and tensile strain 
at failure with an increase of the duration of the test. The 
test duration for the tests conducted by Tschebotarioff et al. 


(1953) ranged approximately from 5 to 430 minutes. Narain 


(1962) reported an increase in the tensile strength and ten- 


XS 


détW esenoront syste? 2s 2aerte oftanad/ SAT 28S), DRT ae Tt 
“mumitqo ets woled 2insinod +etsw vot ItoTTS svttosqmos add 
1945W tot Ivotts ovidosomos ot dvtwyuledpthe 2eese 199d. bas 
apsisve bovisedo siT .(88.S .079) mumisqo eft ovodp 2inerneo 
nt (toe sdt to ezantthte ade brs owl fet Santee et renas 
-2p72 nf owls? 28 tnetnoo v9tew tenisps betgolq sXe notensy 
d4otts sVisosqmoo sds pni2zsevonl .\lovitoeqesy 68.8 Bas NEES 
9259%99b 6 2eS2usD YY tuods nent 1sdss tp einetnod teisw 10T 

ed of 2¥ssqaqs 2tAT .notensd nt Ito2z sdd to 2eantTete Ons BF 
pnitssqmoo tayo yd bsaubnt pninsttoz smoe to 158975 SAT os OUD 
gzo0Ts bas svods zinstnos tedow 36 PPT sotm ottesl@=nen eng 
snot?e evitosqmos sis prtessiont e¥svowoH .mlmPago Sng ee 
-*ttt2e sit zs2e697%on; mumtiqo snht wolsda flaw sswoudan yotaw 26 


[roe to dipneyte siltenst sdi 26 (isw ee teen 


pcrbsos to stsh to soatts €eOhes 

figonsit2e sftenst sii no, pntbsof to sist to tasttSs ent 
fiwone ef svultst 38 nisrse sf tenet. spenovs bovigedo ade no ons 
DELS boo €S.S .coti ot 2.0% bos Se 36 2dnsgneo sedeweeet 
nfesis otulist s5 nisyse afd bos dignssde olhtawet ede asee 
no -pnibnsqsb pritbsof to 935% nied71a9 5 t5 2sulsvy mumtntm edd 
es ots ts Doh araiee ST tan te tnetnos alee i | 


eo ~ nt ates ; 
ey a " : 













48 


sile strain at failure with the increase of the test duration. 
The duration of tests conducted by Narain (1962) ranged from 

2 days to 6 months. The two opposite effects of test duration 
on the tensile characteristics of compacted soils reported by 
Tschebotarioff et al. (1953) and Narain (1962) appear to be 
mainly due to the different ranges of test durations used in 
the experiments. The test durations of the present tension 
tests cover the range of test durations reported by Tsche- 
botarioff et al. (1953) and extend to the lowest of the range 
reported by feueeuil (l962)% From Figs. 2.29 and 2.30 16 can 

be seen that the Huet on oF test has a significant effect on 
the tensile characteristics of a compacted soil. The critical 
rate of loading at which the minimum tensile strength is 
mobilized is almost the same as that needed to produce the 
minimum tensile strain at failure. However the critical 

rate of loading is influenced by the water content at failure 
(Pigs. «2-29uand 2.30). ‘From a practical point Of View, Tt 

can be concluded that a fairly rapid loading, comparable to 
the test durations lasting between 1 to 2 days, causes condi- 
tions favourable to the formation of cracks. Considering only 
the effect of rate of loading, it is unlikely that extremely 
rapid or extremely slow rates of loading would cause tensile 
failures in compacted soils of low to medium plasticity. By 
conducting a number of representative laboratory tension tests 
at different rates of loading it appears possible to define 
the minimum tensile strength and the minimum tensile strain 


at failure for a given compacted soil of the type tested here. 
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on lO.4u,bifect ofsAdding. Bentonite 


As a means of increasing the flexibility of the core 
of an earth dam a small percentage of bentonite may be added 
to the almost non-plastic till. For example, in the case of 
Duncan Dam (Chapter V) about 6% bentonite was added to the 
core material. To study the effect of adding the bentonite, 
tension tests were conducted on a mixture of Mica Till and 
6% by weight of commercial bentonite. Fig. 2.31 shows the 
water content-dry density relationships for Mica Till with 
and without bentonite. Addition of 6% bentonite decreased 
the maximum dry density by 6 pcf and increased the optimum 
water content by 1.6%. The liquid limit and plasticity index 
are also increased by 23.8% and 17.3 respectively. 

The effect of water content at failure on the tensile 
strength of Mica Till is shown in Fig. 2.32 with and without 
bentonite. A significant difference between the variation 
of the tensile strength for water contents below optimum 
is evident. For Mica Till without bentonite the tensile 
strength decreases steadily with the water content while for 
Mica Till with 6% bentonite the tensile strength increases 
up to the optimum water content and then decreases beyond 
the optimum. 

The tensile strain at failure increases with water 
content at failure both for Mica Till and Mica Till with 
bentonite (Fig. 2.33). However the increase in failure strain 
is more rapid in the case of Mica Till for water contents 


greater than optimum. To achieve the required flexibility, 
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the soil mixed with bentonite requires a higher percentage 

of water than that needed for a soil without bentonite. The 
stiffness of Mica Till with and without bentonite is shown 
against the tensile strength in Fig. 2.34. For Mica Till 
without bentonite a decrease in stiffness is followed by a 
decrease in tensile strength. On the other hand for Mica 

Till with bentonite a decrease in stiffness up to the optimum 
water content is followed by a slight increase in tensile 
strength. Beyond the optimum motielture content, the tensile 
strength decreases with the stiffness. Comparing the two 
soils at a given stiffness it will be noted that till with 
bentonite has a greater tensile strength than till without 
bentonite. The decrease in tensile strength for water con- 
tents beyond the optimum is more rapid in the case of Mica 
Till without bentonite than that with bentonite. The addition 
of bentonite to till makes it possible to increase the flexi- 
bility without appreciably decreasing the tensile strength. 

In Fig. 2.35, the percent decrease in tensile strength that 
occurs with an increase of water content of 2% above the opti- 
mum for different soils is shown. The results for soils from 
A to F were obtained from the work of Narain and Rawat (1970). 
The results for soils G and H are from the present work. As 
can be seen from Fig. 2.35, the percent decrease in tensile 
strength is more for soils of low plasticity than that of 


soils of high plasticity. 
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2.10.5 Comparison of Compression and Tensile Characteristics 


The stress-strain relationship obtained from unconfined 
compression tests on Mica Till are shown in Fig. 2.36. The 
variation of the compressive strength and strain at failure 
with water content is shown in Fig. 2.37. A comparison of 
compression and tensile characteristics of Mica Till appears 
in Fig. 2.38. The ratio of compressive strength to tensile 
strength increases with the water content. This is due to 
the fact that the reduction of tensile strength with water 
content is more rapid than that of compressive strength. The 
ratio of compressive failure strain to the tensile failure 
strain decreases initially and stays relatively constant for 
water contents greater than 7%. The secant moduli, assumed 
here as the ratio of the failure stress to failure strain, 
are also compared in Fig. 2.38. The ratio of secant moduli 
increases with the water content. This increase is mainly 
due to the greater percent reduction of tensile strength with 
water content as compared to the percent reduction of compres- 


Sivenstrengthi(figste2.22iand 2.37)% 


2.11 Summary 


Soils are extremely weak in tension. The tensile 
strength of an earth dam core, comprised of soils of low to 
medium plasticity, can be assumed to be zero for purposes of 
design and analysis. The tensile strength measured here for 
a till of low plasticity, compacted at a water content 1].5% 


greater than the optimum, is only about 0.5 psi. Considering 
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different methods of tensile testing, the Brazilian or the 
indirect tension test offers the maximum facility for test- 
ing soils in tension. However, because of the biaxial stress 
State that exists, the interpretation of the test becomes 
somewhat involved. When the moduli in tension and compression 
are not equal, as is usually the case for soils of low to 
medium plasticity, the theoretical stress solutions obtained 
under isotropic conditions over-estimate the tensile strength 
of the material. Numerical solutions, using the finite ele- 
ment method, for cases involving different moduli in tension 
and compression, have been obtained in this report to estimate 
the tensile strength of soils. By conducting parallel 
unconfined compression tests, the relationship between tensile 
stress and tensile strain can be determined from the data 

of an indirect tension test. 

At water contents greater than the optimum the flexibi- 
lity of a soil increases accompanied by a considerable de- 
crease in tensile strength. The percent decrease of the tensile 
strength is higher for a less plastic soil compared to that 
of a more plastic soil. Addition of bentonite with the appro- 
priate water content aids in increasing the flexibility of 
the soil, at the same time without a considerable reduction 
in the tensile strength. For a compacted till of low plasti- 
city, the rate of loading has a significant influence on the 
tensile strength mobilized at failure and the associated ten- 
sile strain. Rates of loading comparable to a laboratory 


test duration of one to two days appears to be critical for 
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the type of soil tested in this investigation. 

The ratio of unconfined compressive strength to the 
tensile strength increases with the water content. The ratio 
for the soil tested varied from 11 to 31.2 for water contents 
3.56% below optimum to 1.45% above optimum respectively. 

As the water content increases, for a low plastic soil the 
tensile strength decreases very rapidly while the reduction 
in compressive strength is comparatively less. The ratio 

of modulus in compression to that in tension also increases 
with the water content. The ratio for the till tested varied 
from 2.68 to 15.40 for water contents 3.56% below the optimum 


to 1.45% above the optimum. 
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THE VERTICAL DIAMETER OF A SPECIMEN 
SUBJECTED TO DIAMETRAL COMPRESSION 
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FIG, 2,10[A] A CLOSE-UP VIEW OF SPECIMEN 
WITH CLIP GAUGE IN POSITION 





FIG, 2,10[B] A SIDE VIEW OF SPECIMEN WITH 
CLIP GAUGE IN POSITION 








aie" 





Le! ZAP "i 


4 nal 


MSMIDOSSe 40 WAalV SGU-ae0.I9 A fA]OI,S 3) ie | _- 
MOITICOS WI SOUAO AID HTIW = 





tne 
_— ie 
Shaan 
ls a 


YOLVOIGNI NIVYLS WaaLlvd LS3L NOISSSYdNOD 
SHL AO M3SIA dN-ASO19 V 22 “SIs GSNISNOONN YOsS dN-Las Il’? “Sls 














SW ith 


Z ‘iy a 2 


L 


=~ 
w Ke 


rv 


wale 
1% 

5 

i 


a) 


Oo 


COWbEBE22! 


a 


ICO 


~ 
‘ 


“SH 2EL-Mb bOK Ni 











ch (ees eee. 









¥ 
® 

ve 

7 

—s. 


a 
ee ee 


a aarti 
a * ee ris i. 
‘ae sek oF 


™? 

‘ 

4 a | ; 

_— 3 . 
ae 
eS oe. 
. ¥ . 
7 iby tee 
fr <* i 
J 37 tie 


* Bal 
aa PES Eee 
P niger tem 


wane 


67 


TL VOIW YOS NOILNGILYSIO AZIS NIVYHS €1°2 “SIs 


SOAOWIIIYY — OZIS Ulos9 








1000 ") 100-0 10-0 0-1 ol of 

TO 

Coco CEI IO 9, 
PP) ee 

Me 
esa 

a 
a SRL 





° 
¢ 
VOY, 49Uly 4Uu9d09q 


alah A a ee ee 06 
1 a 
EES a a Ps LU oor 


002, 001,09, 0%, O2, Oly Yy , Se e a 








7 
a - — pee ae Fe 
= wae 
> ' ¥ 
7 4 i .* 
: aa oe @ 
— - 7 
| | 
—* 
: i | 
a a ee 
} 4 
= — 
' } ] : 
EE as 6 
' 
y ~~ h 
: | 
7 + > 
1 
| ; : 
i> 
f | | 
= = 
‘ 
he a 
: ) 
rear’ x 


iT: 


ee 


Og 


| 


7 7 


?\ é v ‘oo® 


yor r 


e 


i 7 
7 7 4 7 
Wat aamat & 


7 


sa ey 


a 


ES 


. Sa 
: = eae 


eo 


es 
7 « 


ome 


a 


» 
f 
. 


v 


Vv 


138 


Lm) La 
» 99 x4, 00 [oia, | SAMPLE COMPACTED IN 


EQUAL LAYERS 


136 


us vt 
~00 x4, 00 [o1a, | SAMPLE COMPACTED IN 
EQUAL LAYERS 


134 .53''x4,00"'[oia, | SAMPLE COMPACTED IN 
SINGLE LAYER 


Tay: 
“NN 
Ww 
~—Q 
= 136 
> 
is 128 
Y 
Z 
LLJ 
O 126 
> 
(aad 
a 


124 


122 





120 
4 6 8 10 12 14 


WATER CONTENT (%/o) 


FIG, 2,14 WATER CONTENT-DENSITY RELATIONSHIPS FOR 
SAMPLES OF DIFFERENT SIZES PREPARED UNDER 
PROCTOR STANDARD COMPACTION 
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FIG, 2,16 COMPONENTS FOR ATTACHING GAUGE 
BLOCKS TO SOIL SPECIMEN 
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FIG, 2,17 TENSILE TEST SPECIMEN BEFORE AND 
AFTER FAILURE 
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FIG, 2,19 STRESS-STRAIN RELATIONSHIP AND THE VARIATION 
OF LATERAL STRAIN AND POISSON'S RATIO WITH 
AXIAL STRAIN FOR MICA TILL TESTED UNDER 
UNCONFINED COMPRESSION 
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FIG, 2,21 COMPARISON OF TENSILE STRESS-STRAIN RELATIONSHIPS 
DERIVED FROM TENSILE TEST DATA OF MICA TILL 
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FIG, 2,25 WATER CONTENT-DENSITY RELATIONSHIPS FOR MICA 
TILL AT DIFFERENT COMPACTIVE EFFORTS 


BY 












ewojs OX a 
2wOla 02 SX 


Sel 


{ EP? \ ct) 


oe! 


8st 
Fal 






2woja as —~ 
ost 


DBA DEWeILA 





(AIG) "0.bx "fe. Fs aMAe 
A Wl G3TIAIMOD 
A3YA] JJoule 


pe 


pee BLOW. 
Lewes 50 BLOWS 


= Oc 70 BLOWS 
ia RATE OF LOADING 0.005'/min 
UJ 
o 
=> 
= 
rm 
— 
< 
YY) 
Y) 
LL 
Ce 
— 
Y 
LL) 
= 
VY) 
Zz 
Li 
— 





4 6 8 10 12 14 
WATER CONTENT AT FAILURE (%) 


FIG, 2,26 VARIATION OF TENSILE STRENGTH WITH WATER CONTENT 
FOR MICA TILL AT DIFFERENT COMPACTIVE EFFORTS 
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FIG, 2,27 VARIATION OF TENSILE STRAIN AT FAILURE WITH 
WATER CONTENT FOR MICA TILL AT DIFFERENT 
COMPACTIVE EFFORTS 
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FIG, 2,36 STRESS-STRAIN RELATIONSHIPS OF MICA TILL TESTED 
UNDER UNCONFINED COMPRESSION 
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CHAPTER III 


SIMULATION PROCEDURES FOR LINEAR AND NON-LINEAR 
FINITE ELEMENT ANALYSES 


Slee CODE’ 

This chapter discusses the simulation procedures 
developed for the finite element analyses and the validity 
of their application to the problem of cracking of earth 


dams. 


Cece ne rLoauctiOnN 

Classical theory of elasticity, with the assumptions 
of isotropy, homogeneity, linear elastic stress-strain 
relationships, and simplified boundary conditions has been 
used in the past (e.g., Jurgensen, 1934; Terzaghi, 1943; 
Scott, 1963; Harr, 1966) to obtain closed form solutions for 
a certain limited number of boundary value problems, concerned 
with the determination of stress and strain fields in soil 
masses. Since the ideal conditions assumed in obtaining such 
solutions are rarely satisfied in practical problems, these 
analytical procedures can be used only to a very limited ex- 
tent in the field of soil mechanics. 

Finite difference numerical analyses (e.g., Bishop, 
1952; Dolezalova, 1970) that assume linear elastic stress- 
strain relationships, were used for solving some boundary 


value problems concerned with earth dams. 


eM 


The finite Bienen method, which has more flexibility 
than other methods for dealing with complex boundary condi- 
tions, non-homogeneous materials, and non-linear stress-strain 
relationships, has been in active use for some ten years. 

It has been shown by a number of workers (e.g., Clough and 
Woodward, 1967; Girijavallabhan and Reese, 1968; Kulhawy 
eternal 219695 Chang -and=Dunean.en9/05/ Desai and’ Reesey°1970; 
Kulhawy and Duncan, 1970) that with a proper application of 
the finite element method one can obtain reasonably good 
solutions for problems concerned with the stresses and strains 
in soil masses. It is evident that success in obtaining a 
good solution depends to a considerable extent on close 
Simulation of field behaviour of the structure. At present, 
research on the application of finite element method to soil 
problems is largely directed towards developing suitable 
simulation procedures to obtain close agreement between the 
results of analysis and field or experimental observations. 
In the present investigation, the finite element method has 


been used because of its capabilities. 


ens MUserors isotropic Elastic Theory and its Limitations 


The stress-strain relationships for soils are non-linear, 
partially inelastic, and depend on stress path and stress 
level. Geometric anisotropy and stress-induced anisotropy 
are quite common in soils. Volume changes take place not 
only due to changes in all around pressure but also due to 


factors such as pure shear and rotation of principal stress 
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axes, 

A theory that completely describes the deformation 
properties of soils is not available yet, although the appli- 
cation of such a theory in the analysis is highly desirable 
(Scott and Ko, 1969). Some attempts have been made to intro- 
duce volume changes due to shear into the analysis (e.g., 


Chang et al., 1967; Smith and Kay, 1971). The limitations 


that exist in the experimental determination of soil para- 
meters needed for the application of more complex non-linear 
theories, seriously limit, at present, the finite element 
analysis. Until sufficient progress in the development of 
Suitable laboratory procedures for obtaining stress-strain 
relationships under conditions that simulate field behaviour 
of soil is achieved, the use of simple isotropic elastic 
theory appears to be reasonable. The parameters needed for 
such a theory are easily obtained from conventional laboratory 
tests. Perhaps the most significant disadvantage, from a 
practical engineering point of view, in using the small-strain 
isotropic elastic theory to represent soil behaviour is that 
it cannot account for the dilatancy effect of soils (Scott 

and Ko, 1969). 

Despite these limitations successful solutions using 
isotropic elastic theory have been reported in literature 
(e.g., Clough and Woodward, 1967; Girijavallabhan and Reese, 
1968; Kulhawy et al., 1969; Chang and Duncan, 1970; Desai and 


Reese, 1970; Kulhawy and Duncan, 1970). These solutions are 


based on the assumption of a piecewise linearity between the 
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stress and strain. The appropriate stress-strain relation- 
ships used in the analyses were derived from conventional 
triaxiadletests:, Atconventionalt triaxial ttesitmrefensehere to a 
test in which the deviatoric stress is increased under a 
constant cell pressure. 

Based on the comments of the previous paragraphs, iso- 
tropic elastic theory for small strains has been applied 
to the finite element analyses performed in this work. Piece- 
wise linearity between stress and strain has been assumed 
during each increment of the load. The appropriate stress- 
strain relationships, dependent on stress level, have been 
derived from the conventional triaxial tests. The volume 
change data of the triaxial tests has been used to derive 


the second parameter needed. 


3.4 Types of Analyses Performed 


Different types of finite element analyses, pertaining 
to the studies on cracking of earth dams, were performed in 
this work. Explanatory definitions of the analyses are given 
with each type: 

(1) Linear analysis is an analysis in which the two elastic 
parameters defined either by K and G or by E and w are 
maintained constant in the analysis. 

(2) Non-linear analysis is an analysis in which the loads 
are applied in a number of small increments. A piece- 
wise linear relationship between stress and strain has 


been assumed during each increment of the load. The 
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elastic parameters during a certain increment of load 
are defined either by K and G or by E and v. The dis- 
placements, stresses and strains determined in each 
increment of loads are accumulated to obtain the total 
values corresponding to all increments of loads. 

(3) Single step linear analysis is an analysis in which the 
loads are applied instantaneously and the analysis is 
performed with constant values of elastic parameters 
defined either by K and G or by E and v. 

(4) Incremental linear analysis is an analysis in which 
loads are applied in a number of small increments with 
the elastic parameters used in all the increments remain- 
ing constant. 

(5) "No tension" analysis is an analysis in which soil is 
considered incapable of sustaining tension and the ten- 
sile principal stresses are removed by replacing them by 
equivalent nodal forces. The “no tension" analysis 
procedure has been elaborated in detail by Zienkiewiecz 
et a1 .01968).. 

In all types of analyses listed above Poisson's ratio 
is not allowed to exceed 0.49. Generally the results of an 
analysis obtained for Poisson's ratio exceeding 0.49 and very 
close to 0.5 are not accurate (Herrmann, 1964). For Poisson's 
ratio equal to 0.5 the analysis cannot be performed as some 
elements of the constitutive matrix become infinite. These 
limitations are inherent in the formulation based on the mini- 


mum potential energy principle. Using a variational principle 
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which is equivalent to the elastic field equations expressed 


in terms of the displacements and a function of mean pressure, 


Herrmann (1964) showed that sufficiently accurate results 


can be obtained for all values of Poisson's ratio ranging 


from 0 to 0.5. The formulation proposed by Herrmann (1964) 


is particularly suited to incompressible materials such as 


rubber. Such a formulation is not used in this work for two 


reasons: 


(1) 


(2) 


For soils which dilate during shear, Poisson's ratio 
exceeds the permissible value of 0.5 hence volume change 
behaviour of such a soil cannot be represented by a value 
OlffeP oclis'sonas! rataioziequaln tof 0s 5x 

By limiting Poisson's ratio to 0.49, reasonably good 
correlations between the results of analysis and field 

or experimental observations have been achieved in a 
number of cases (e.g., Girijavallabhan and Reese, 1968; 
Kulhawy et al., 1969; Chang and Duncan, 1970; Kulhawy 


and Duncan, 1970) involving nearly incompressible soils 


(guy =310 25a) r. 


Two Dimensional Finite Element Analyses 


The two dimensional finite element analyses in this work 


were performed by using the computer program given in Appendix 


A. 


In this program constant strain triangular elements each 


having six degrees of freedom are used. More refined elements 


such as quadrilateral elements, each having four constant 


strain triangular elements (Covarrubias, 1969) or two linear 
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strain triangular elements are possible (Felippa, 1966). 
However the results obtained using constant strain triangular 
elements for the cases considered in this work are in good 
agreement with those of Covarrubias (1969) who used more 
refined quadrilateral elements along with constant strain 
triangular elements. The comparison of results appears in 
Section 4.4 of Chapter IV. The equations are solved by 
Gauss-Seidel iterative procedure. The original computer 
program which could perform a linear single step analysis 
was developed by Wilson (1963). The program was modified to 
incorporate the following additional facilities: 
(1) the automatic generation of element and nodal data, 
(2) the performance of an incremental analysis with an 
option to analyze each step once or twice, 
(3) the calculation of elastic parameters from the labora- 
tory test data needed for each increment Ofseloa ds, 
(4) the performance of a “no tension" analysis. 
The iterative method of solution of equations, used in the 
program is particularly suitable for the "no tension" analy- 
sis, because it involves an iterative procedure. Since the 
element stiffness formulation for a constant strain triangle 
is well known it will ait be discussed here. Details regard- 
ing the computer program for two dimensional finite element 


analysis are in Appendix A. 
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3.6 Three Dimensional Finite Element Analyses 

The three dimensional analyses were performed using a 
computer program (Appendix B) developed by the author. In 
this program, isoparametric hexahedral elements, each having 
twenty-four degrees of freedom, are used. Each element is 
specialized to represent triangular prisms and tetrahedra 
(Appendix B). The equations are solved in blocks using the 
direct Gaussian elimination method and the necessary integra- 
tions for the evaluation of element eoerhness and stresses 
are performed numerically by using Gaussian quadrature for- 
mulae. The program includes facilities that: 

(1) automatically generate nodal and element data, 

(2) perform a single step linear analysis, 

(3) perform an incremental analysis with an option to 
analyze each step once or twice, 

(4) calculate elastic parameters for each increment of loads 
from the laboratory test data. 

Provision for "no tension" analyses has not been made due to 

the excessive amount of computation effort needed for the 

iterative procedure in a three dimensional analysis. 

The selection of isoparametric hexahedral elements for 
the three dimensional analysis is based on the comparative 
studies on three dimensional finite elements conducted by 
Clough (1969). His conclusions regarding the performance 
of the various types of three dimensional elements are as 
follows: 


(1) the isoparametric hexahedral elements are distinctly 
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superior to any tetrahedron assemblages, both with 
respect to the individual element properties and in 
application to idealized structural systems. Also the 
isoparametric elements have the advantage of isotropy 
whereas the stiffness of the tetrahedron assemblages 
are slightly different along their three axes. 

(2) based on the comparative efficiency studies of 8 node 
and 20 node isoparametric hexahedral elements, it is 
recommended that an 8 node element be used in standard 
three dimensional programs for analysis of general elas- 
tic solids and the 20 node element be applied primarily 
in systems or local regions when the plate bending 
mechanism is likely to dominate the behaviour. 

From the preceding conclusions it can be seen that an 
8 node isoparametric hexahedral element would be well suited 
for the analysis of earth dams in which shear effects domin- 
ate the behaviour of the structure. 

The details regarding the main features of the program, 
its limitations and the computation time needed are discussed 
in Appendix B. The element stiffness formulation for the 
isoparametric hexahedral element used in this work is dis- 


cussed in Appendix C. 


3.7. Determination of the Elastic Parameters for Non-Linear 
Analysis 


Since an incremental loading procedure is used to simu- 


late the construction sequence of an earth dam, the elastic 
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parameters to be used during each increment of the load are 
to be calculated from laboratory or field test data. The 
elastic parameters are either K and G or E and vy. Generally 
two approaches are possible to feed the test data into the 
computer for the evaluation of the parameters. In one 
approach the test data is supplied in digital form and in 
the other it is supplied in functional form. 

In the digital form, a number of closely spaced points 
on a stress-strain curve are given as input. Hence the 
modulus calculated by considering two adjacent points (by 
chord slope) approximates the tangent modulus. Because of 
their dependency on the stress level, the relationships 
between stress and strain must be supplied at a number of 
closely spaced values of stress levels. From the set of data 
supplied in digital form the moduli are calculated at the 
required stress level. 

In the second approach, the stress-strain relationships 
are supplied in functional form assuming either hyperbolic 
stress-strain relationships (Kulhawy et al., 1969; Duncan and 
Chang, 1970) or using mathematical spline functions (Desai, 
1971). The hyperbolic representation involving the use of a 
small number of parameters with identifiable physicals signi 
ficance has the advantage that it is easier to compare the 
properties of different soils, and to develop experience and 
judgment in terms of the parameters (Duncan and Chang, 1972). 
However, in general, it involves greater approximations to 


the measured stress-strain behaviour than those obtained by 
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the spline function representation (Desai, 1971; Duncan and 
Ghange-l972). “ln=the present work the digital form was used 
because, although it may involve more computation time for 
interpolation than other methods, no approximation of the 


stress-strain relationships is necessary. 


GroeeVarrarcy “OF Triaxial Test Data for Interpolating the 
Elastic Parameters 


The conventional triaxial tests are performed by increas- 
ing the deviatoric stress with constant cell pressure. 
Several other stress paths consistent with the type of pro- 
blem considered can be simulated in the triaxial tests. How- 
ever, because of the axisymmetric conditions maintained in 
triaxial tests the behaviour of the soil under plane strain 
or general three dimensional conditions cannot be simulated. 
To simulate such conditions a plane strain test apparatus or 
a "true" triaxial test apparatus in which stresses and strains 
can be controlled in all three directions is needed. Since 
the data from such tests are not readily available, the con- 
ventional triaxial tests may continue to find their applica- 
tion in the analyses, at least for some years to come. Tri- 
axial data obtained from tests performed on representative 
soil samples with the proper simulation of stress paths and 
drainage conditions could be of a considerable value in rea- 
sonably predicting the deformations and stresses. However 
research is needed to develop suitable laboratory tests, the 


data from which can be used in the analyses for reasonably 
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accurate predictions. On the other hand if the conventional 

triaxial test data obtained under a particular stress path 

are used for problems involving different types of stress 
paths, the results predicted by the analysis are bound to be 
inaccurate for some cases. Duncan and Chang (1972), based 

on the investigations conducted under different stress paths, 

indicated that the simple incremental procedures using the 

conventional triaxial test data result in a reasonably good 
prediction of strains for unloading-reloading stress-paths 
and for a range of stress-paths in the primary loading range. 

However the predictions are poor for primary loading under 

constant or nearly constant stress-ratios (03/01) and for 

certain other types of stress paths. 
In the present work only the conventional triaxial test 
data have been used for the following reasons: 

(1) Data from either plane strain tests or "true" triaxial 
tests are not available. 

(2) As the present work is primarily concerned with the 
evaluation of tension zones caused by tensile stresses, 
it is to be expected that the stresses computed would 
be less sensitive to the changes in the derived elastic 


parameters than the computed displacements or strains. 


3.8.1 Simulation of the Drainage Conditions 
Duncan (1972) and Lowe (1972) discussed the importance 


of a proper simulation of the drainage conditions in the finite 


element analysis. The data from the unconsolidated undrained 
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tests are used to simulate the undrained conditions while 

the consolidated drained test data are used for the fully 
drained conditions. However, the simulation of partial drain- 
age conditions in the analysis is rather difficult. Because 
of the uncertainty involved in the evaluation of the amount 

of drainage that occurs in the field, the laboratory test 
results simulating a partial drainage condition will be of 
limited value. Chang and Duncan (1970) performed two types 

of analyses for an excavation problem involving a partial 
drainage in the clayey soil. In one of the analyses no drain- 
age was assumed to occur within the clayey soils while in the 
other full drainage was assumed to occur in all types of 
soils. The extreme drainage conditions assumed in the two 
analyses resulted in two sets of displacements that bounded 
the observed displacements. 

In earth dams with relatively thin cores of low plastic 
till a certain amount of drainage is normally expected to 
occur within the impervious and semi-pervious zones during 
the period of cong trucsdoos The stress-strain relationships 
used in the analysis are to be derived from the laboratory 
tests that simulate the proper stress paths and the partial 
drainage, consistent with the field conditions. For the pur- 
pose of the present investigation such tests were not performed. 
Instead the results from the consolidated undrained tests were 
used to simulate the behaviour of the impervious and the semi- 
pervious materials (Chapter V). It was believed that such 


an approach would simulate a condition that lies between the 
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two extreme possibilities of the fully drained and the un- 


drained conditions. 


3-9 Method of Deriving the Moduli of Elasticity 
The derivation of the moduli proposed in this work con- 
sists of converting the conventional triaxial test data to 

a form involving the three stress invariants, the axial 

strain, and the octahedral shear strain. The elastic para- 

meters based on the three stress invariants are computed in 
the finite element analysis for each element. The proposed 
method has the following advantages: 

(1) Approximations involved in representing the test data 
are eliminated by using a digital form for the actual 
stress-strain relationships. 

(2) The method proposed to derive the moduli in terms of 
stress invariants, henovegrene necessity of making an 
assumption regarding the intermediate principal stress. 

(3) Even though the derivation procedure given here was deve- 
loped for the conventional triaxial tests, the generality 
of the use of stress invariants can easily be applied 
with suitable modifications to other types of tests 
(e.g., triaxial tests with different stress paths, plane 
strainytestsyeetc. )% 

One obvious disadvantage of the method is that it in- 
volves greater computational effort than other methods that 
consider functional form of representing the test data. How- 


ever, the time involved in the calculations is a minor part 
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of that needed for the solution of equations in the finite 
element analysis. In the subsequent sections the procedure 


of derivation of moduli and its accuracy are discussed. 


Sole DeriVvabloneenrocedure 

From the deviatoric stress versus axial strain (e,) 
and vorunetnric strain (e,) versus axial strain relationships 
of the triaxial testtresults, two plots can be generated. 


The first plot is the octahedral shear stress ( ) versus 


2 


Toct 


axial strain for a set of chosen values of J3/ (6 where 


Oct 


Jz is the third stress invariant and Cue is the octahedral 


normal stress. The dimensions of J,/(o 2 iSw Unde Ol suress:. 


oct 


To determine the octahedral shear (t and J3/(9 2 one 


yeu! oct 
has to consider the three stress invariants in order that the 
three principal stresses are uniquely represented. The second 


plot is the octahedral shear strain (y plotted against 


oct? 
the axial strain. Fig. 3.1 shows a typical conventional 

plot of the triaxial test data obtained by performing con- 
solidated undrained triaxial tests on a silty sand represent- 
ing the semi-pervious material of Duncan Dam (Chapter V). 
The net volumetric expansion is neglected as shown by the 
dotted lines. Fig. 3.2 shows the relationships between Cras 
and Ey and y 
2 


Bet and ey for a set of chosen values of J3/ 


re a For clarity the relation between act and €, 1s 


shown only for two values of J3/(o ye (OmpsS ionde cums 2 


oct 
The triaxial data are given as data input to the computer pro- 


gram and the conversion to the stress invariant form is a 
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of the program. 


The following expressions were used to calculate the 


Stress invartants and vee from the conventional triaxial 


test 


data: 


OF, othe (0, + 203)/3 (ay) 
Toot 7 (72/3) (91.2.9) ea 

iE alice (3.3) 
Ye charade e/a) (3e\ac_ ey) (3.4) 


The following procedure was used for the determination 


of the elastic parameters: 


(1) 


The three stress invariants were computed from the three 
known principal stresses in an element. For a two dimen- 
sional plane strain analysis, the intermediate principal 


stress was computed from 


where v was a trial value of Poisson's ratio (say 0.35). 
Since v in turn depends on the stress condition, an 
jterative method was used. 

2 : 
For the values of Or yor and J3/(o, 04) computed, the incre- 
mental ratio, (Ate 4/ Ac) was interpolated from the t 


oct 
versus €) plot. Similarly from the Yoct Versus €) Dil Ole. 


Var a 

















menporg ads 
at Ae 
sis sislvolso ot bseu stow enoheasiqn® paiworie? BAP ee D 7 
; © 
fetxst1i [snotinsvnes 3A3¢ mov? toot DNS 2tnetvevet azote 


:696b +203 


yf 
f E\{(.08 + .3) = 0 ; 
MT e) UMg po) sag 
- 

(s £) Lew -o) (E\S' he tao° 
ce Cc ai ee } o ; 
f.f) IF aa | g & 

f ~ % { ~ § ) B\SN > » 
(8.6) ‘ys = pRe)CENSN) = oy 


iotdentmretob 9nj Yot bseu 26W s¥ubsooi1g potwotfot aft 
:2tssens16g 2itz2els ent Zo 
ssid sit movt betuqmos 915W 2snsiyeynt 22es9s2 seated SAT (ft) 
-Nemfb OWT 6 toi  .tnsmsle ns nt zeeesrte fsqtonivqg nwond 
[6qgtontia sisfbsmistni ond .2h2ayi sis atevi2 onsla [anote 2 


mov? bsiyqmos 2bw 2eente 


(go. + :0)0 = op 


; » ed § 
7 -ABB0: ys2) ofis6y 2'noeziod to sulsy Fetad 4 268 v Sqn ge 
a. 7 ~~ 












7 






thet | 





108 


the incremental ratio, (AY 4 /Ae,) is interpolated for 


the same value of J3/(o 2 and the corresponding axial 


oct 
Strains used for interpolating (At ¢4/Ae,)- The shear 


modulus was obtained from: 


G = (AT) (pg /Ae1)/ (AY 6p /AEy) (3.5) 


Since the value (AY 5 6¢/4€7) obtained above corresponds 
to a particular constant value of 03 in the triaxial 


test, Poisson's ratio was computed from: 
Vee (3/2/72) (Ay, .4/4e,) - | (3.6) 


and was limited to a maximum of 0.49. The bulk modulus 


was computed from: 
K = 6(2/3)(1 + -v)/(1 = 2v) (or) 


When one of the principal stresses becomes negative 
(tensile) it was artificially set to zero hence Jalloony 


should be zero. Under isotropic compression Ja/(O5 04 
would be equal to 03. 
In case of a two dimensional analysis steps 1 and 2 
were repeated until the intermediate principal stress values 
computed in two consecutive trials agree closely with each 


other. 
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The elastic parameters used in a particular increment 
of load can be derived from the stress state corresponding to 
the conditions that existed before the increment of load. The 
solution obtained by such a procedure was called a "past 
stress" solution by Kulhawy et al. (1969). Since this pro- 
cedure uSually gives a poor result, it was recommended that 
the use of the “average stress" be made for the derivation 
of moduli. The “average stress" was defined as the average 
of stresses that exist immediately before and after the load 
increment. A similar procedure has been used in this work 
to improve the solutions of the non-linear analysis. The 
incremental load was added to the existing load and the 
stresses were computed using the elastic parameters calcu- 
lated on the basis of "past stresses" and these stresses are 
termed the “present stresses" (Kulhawy et al., 1969). The 
elastic parameters based on the "present stresses" were cal- 
culated. The average elastic parameters were computed from 
those calculated on the basis of "past stresses" and "present 
etressas! and were used in the reanalysis of the same incre- 
ment. This procedure termed the "average moduli" procedure 
here, has been used in this work because of computational 
advantages in terms of storage. It is obvious that the 


"average moduli" or “average stress" procedure takes twice 


as much time as the "past stress" solution. 
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3.9.2 Studies to Check the Accuracy of the Procedure of 
Denivationsor Elastic Parameters 

To check the accuracy of the present method of deriva- 
tioniofielastic parameters, a weightless soil block 4" x 4" x 
1" was considered to be loaded vertically, in five increments, 
of 20 lbs. each which cause a vertical incremental stress of 
5 psi. The problem was analyzed both in two and three dimen- 
Sions. The finite element idealizations for two and three 
dimensional analyses for a half of the soil block (because 
of symmetry) are shown in Fig. 3.3. The nodal loads imposed 
in each increment are also shown. The initial moduli for the 
first increment of load for all these studies were derived 
from the experimental data (Fig. 3.2) for the condition: 
2 


= 0 and J = 0. The following cases were studied: 


Toct eset 

(1) Plane stress analysis using the elastic parameters 
derived from "past stresses". 

(2) Plane stress analysis using “average moduli". 

(3) Three dimensional analysis using “average moduli" for 
the unconfined compression of the soil block. 

Fig. 3.4 shows the comparison between the “past stress" 
solution and “average moduli" solution, the latter agreeing 
very well with the experimental curve obtained under uncon- 
fined compression (Fig. 3.1). The three dimensional analysis 
gives the same result as the two dimensional one for the 
particular case. The better accuracy of the “average moduli" 
approach led to its adoption in all the subsequent studies 


in this work unless otherwise stated. 
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3.9.3 Effect of Intermediate Principal Stress on Stress- 
Strain Results 


The effects of the assumption regarding the intermediate 
principal stress on the stress-strain results are of interest. 
The following studies have been conducted for this purpose: 
(1) Two dimensional plane strain analysis assuming that 

Op = 02. 

(2) Two dimensional plane strain analysis assuming that 
oo v(o, + 03). 

(3) Two dimensional plane strain analysis with lateral res- 
traincein che, x-darection (Pig. 3-3)% Thdsanas been 
done merely to compare the solution with plane stress 
and plane strain solutions. 

Fig. 3.5 indicates that the assumption Oy = 03 gives greater 

strains compared to the correct strains obtained from Sy = 

voy + O3). This is due to the lower moduli calculated for 

the former assumption. However the difference between the 
results is not significant for the lower range of axial strains 

(up to 2% for present case). Fig. 3.6 compares the results 

for conditions of plane stress, plane strain and plane strain 
with lateral restraint. The progressively increasing slope 
of the stress-strain curve or the "locking" effect can be 
seen in the case of the plane strain analysis with lateral 


restraint. 


3.10 Isotropic Compression 


Compression under an all around stress is dealt with 
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by considering the initial-tangent Young's moduli and Poisson's 
ratios at the appropriate confining stresses. In terms of 
stress invariants they correspond to the initial-tangent 
Shear and bulk moduli at the appropriate confining stresses. 
An example of isotropic compression is shown in Fig. 3.7. 

The axial stress (o,) ise plotted against axial strain (e,) 
both for isotropic and deviatoric compression for a silty 

sand tested at a water content 3% greater than the optimum 

in a triaxial apparatus for consolidated undrained conditions. 
The deviatoric compression results are shown only for on 
equdlmetomln pS itmande40unsaetor clarity. The predicted iso- 
tropic compression curve obtained by using the incremental 
procedure described previously agrees reasonably well with 

the experimental curve even though the drainage condition 


is not the same for the isotropic and deviatoric compressions. 


3.11 Summary 


Satisfactory simulation procedures for two and three 
dimensional finite element analyses with a method of deriving 
moduli based on stress invariants and “average moduli" have 
been developed. The main limitation of the procedure is the 
restriction, of Poisson's ratio to va maximum Value=0 f0n4 Ie 
However this is not serious because the dilatancy effects of 
soil become more important at comparatively large strains such 
as those caused due to shear failures. Since the present 
studies are concerned essentially with the tensile cracking 


of earth dams, and not with the shear failure of earth dam, 
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it is believed that the above limitation has no significant 


effect on the prediction of tensile zones in earth dams. 


he : ; _ : ’ rn | san 


ert 










: 


fnsottinpre on 26h nots stimr! svods ont tedt bavetfad at & a 
-enieb nd+é9 nt 2sfhos softened to nolsotberg en3 no Poerts 
| eee | 


aah | 
’ 





a ' 
1.878 


200) 


(PS!) 


160} 


(o; 03) 


120 


DEVIATORIC STRESS 


( %) 


VOLUMETRIC STRAIN 
€ 
Vv 
= 
o1 


1-0! 


FIG, 3,1 


o3= 80 PSI 


60 PSI 
45 PSI 
30 PSI 


Is PSI 


2 l, 6 g 
AXIAL STRAIN (%) 
Saree n-ne 10 


<a men enn== 5 PSI 
-~----------- 30 PSI 


me 45 PSI 


TRIAXIAL TEST DATA FOR A SILTY SAND 
PLOTTED IN THE CONVENTIONAL. MANNER 


114 


Af} 









a vis odie oi 98 ¥ 
‘#:) ®& eee 





129 0S =-O 
- 
| ts E" 
je 00 — ¢ 
“, 
(2a en 4 
— a 
129 OF r 
i294 2 g 
4 
; 
8 o | d | 
(oe?) WIARTS JAA % 
— 
0 #0 at ae eee 
124 By =-++--+e =e 
129 OF «-4-—- = === 
24 2h ---------<-- 


129 09 --------- ----5- 
129 08 -+=---— -------4- 


116 


| | J 
60 PSI 
» 80 
Li 
te | 
oe 45 PSI 
Siok 
Li 
ia 5 30 PSI 
ayn 
40| 
A I5 PSI 
i 
< 
on 
O 


NO 
© 
=) 


2 4, m6 8 

oo AXIAL STRAIN (%) 
<> . 
a= ; . 
no 4 
BAL 
a 
Re 
We gt 
iG 8 
b 0 PSI 
i 7 

12 S38 K%64)¢ =0 


FIG, 3.2. TRIAXIAL TEST DATA FOR A SILTY SAND 
PLOTTED IN TERMS OF STRESS AND STRAIN 
INVARIANTS AND AXIAL STRAIN 


art 









129 09 
t 8 rs ? 
125 a | 4 
pr 
le OF . 3 - 
7c 
29 2 Oe 5 
> 
os # 
: 
8 3 » 
(°) MIARTS JAMA 
129 08 





de 


08 Siyaapnee 










INCREMENTAL NODAL 
LOADS B ~1,25 ves, 
D -2,50 res, 


son so NSS 
symMeTRYIN TIX AI 


a) TWO DIMENSIONAL 
IDEALIZATION 


INCREMENTAL NODAL 


b) THREE DIMENSIONAL 
IDEALIZATION 





FIG, 3.3 FINITE ELEMENT IDEALIZATION OF A SOIL BLOCK 


LOADS A -0, 3125 uss, 
B ~I, 2500 wes, 
fe: -0, 6250 tas, 







JAQOM JATMSMEROMI 
01 €S.J- a4 SAI 


e262 S~ o 


JIAVOIMAMIO OWT (6 
ACITAS! JAS 


saa, CSIE.0- « BaGA0L) 


AAMOI2VBMIG ASAHT | 
VOITAS\JASGL 


Y 


28 


24 


VERTICAL STRESS 


FIG, 3.4 


a "PAST STRESS" SOLUTION BY TWO 
DIMENSIONAL PLANE STRESS ANALYSIS 


° "AVERAGE MODULI'' SOLUTION BY TWO 
DIMENSIONAL PLANE STRESS ANALYSIS 
AND THREE DIMENSIONAL ANALYSIS FOR 
UNCONFINED COMPRESSION 


——  UNCONFINED COMPRESSION TEST CURVE 


! 2 3 “ 0 6 


VERTICAL STRAIN % (%) 


COMPARISON OF "PAST STRESS" AND ''AVERAGE 
MODULI'! SOLUTIONS IN AN INCREMENTAL ANALYSIS 
PERFORMED IN FIVE INCREMENTS 


ctl 


OWT ¥ @ vOITUICe “eennTe T2Aq" 
arny Sasa? abate SMAUS JAMOI2K3MIO 


OWT YE MOITUJO2 "IJUGOM 2OARSVA" 
212YAAMA @@3ATE 

ROW SleYIAMA | 

VOIESAAIMOD ASUIMOOKU 






BVAUS TesT HOlCATIMOD CAMMHOOMU 








oO 
a 
b2t) 


. A€BLICVE eineee 








RO 
10 @) 


(PSI) 
BRO 
xX 


fN 
=) 


of 


—_ 
6p) 


12 


VERTICAL STRESS 


FIG, 3,5 


—e— SOLUTION FOR %? ’[% + 93] 
---+-- SOLUTION FOR 2): 9; 














1 Z 3 4 5 


VERTICAL STRAIN & (7%) 


COMPARISON OF INCREMENTAL NONLINEAR PLANE 

STRAIN SOLUTIONS WITH DIFFERENT ASSUMPTIONS 
REGARDING THE INTERMEDIATE PRINCIPAL STRESS 
[| ANALYSES IN FIVE INCREMENTS | 








BIT 





[ot phys p' ROM vorru.lee ——-— 
pee FOI MOITUICe + 


(PSI) 


of 


— 
mo 


12 


VERTICAL STRESS 


—@—_ PLANESSTRESS:s SOLUTION 
—a— PLANE STRAIN SOLUTION 


—&—- PLANE STRAIN WITH LATERAL 
RESTRAINT 


1 2 3 4 5 6 


VERTICAL STRAIN &  (%) 


FIG, 3,6 COMPARISON OF INCREMENTAL NONLINEAR 


SOLUTIONS OBTAINED FOR DIFFERENT 
BOUNDARY CONDITIONS [ ANALYSES IN FIVE 
INCREMENTS ] 






ert 


WOITUIO?® 22eanTe aMAIS — 
voITU joe VIARTe SHAS —e— 


JASSTAI ATIW WIART2 SHA9 Se 
TUIAATeIA 


120 


{aan EXPERIMENTAL CURVE BY DRAINED 
ISOTROPIC COMPRESSION 


ate ard EXPERIMENTAL CURVE BY UNDRAINED 
DEVIATORIC COMPRESSION 


oo PREDICTED ISOTROPIC COMPRESSION 
CURVE BY INCREMENTAL ANALYSIS 


140; 







o,=40 PSI 
120} Patt 
Pt 
a 
a” 
a 
a 
a 
Fa 
100} oo 
Bs 7 
nD 
ou oa 
— 80} eee 3000 PSI v,= 0,27 
i & 


o,=15 PSI 


60| 


AXIAL STRESS 


40) 


20} 


0 1 2 3 ZL 5 6 


AXIAL STRAIN & (%) 


ElG.aBbi4 COMPARISON OF PREDICTED AND EXPERIMENTAL 
STRESS-STRAIN RELATIONSHIP FOR ISOTROPIC 
COMPRESSION 





OSs 


QSVvIARG Ya SVYRUO 


GavlAnovu Ya SVAuD LATHEMmsexXs 
' WOlP23AIMOD. SINGT ASO 
AQSSARIMGD DIGOATOS! GaTMNGAaAY 
cleY_JAWA JATASMAROMI Ye svauD 





Oat 
je OK= 
sa ost 
~ 
™ 
~ 
™~ 
~~. 
“Sy oor 
=~ “= 
; 08 
T.0+." 1284 0008 = = ian “y 
\ 
\ a 
\ ' 
i2S ai \ 038 3 
ee \ I 
Nee ee \ 
a \ = 
i, | Ga > ‘ 
~ \ 
~ 
je9 o@st=.3a NS 
i ~ 


MOAB AWIOD. symp anna pip 


a2 Oe 7 se 










——~— 


12] 


CHAPTER IV 


IMPORTANCE OF CERTAIN FACTORS IN THE ANALYSIS 
OF CRACKING OF DAMS 


filo COpe 


In this chapter the importance of considering the con- 
struction step sequence, non-linear stress-strain relation- 
ships, no tensile strength for soils, and three dimensional 


effects in the analysis of cracking of dams are discussed. 


ieee nenoductlon 

Several factors contributing to the development of ten- 
sile cracks in earth dams were outlined in Section 1.3.1 of 
Chapter I. The influence of the shape (Covarrubias, 1969) 
and the steepness (Dolezatova, 1970) of the valley walls on the 
development of tension zones during the construction of a 
dam has been studied elsewhere. The effects of considering 
a number of steps that simulate the construction sequence, 
and the non-linear stress-strain characteristics of soil in 
the analysis have been discussed by Strohm and Johnson CigginE 
The studies conducted by Strohm and Johnson were restricted 
to the period during and at the end of construction of the 
dam. 

As mentioned in Section 1.6 of Chapter I, an analysis 
should be able to simulate field conditions as closely as 


possible so that the predictions regarding cracking of dams 
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would be of some practical value. In order to develop a 
procedure for reasonable prediction of cracking it is neces- 
Sary to study the influence of certain assumptions made in 

the analysis on the predicted results. As outlined in 

Section 1.8 of Chapter I the parametric studies carried 

out in this work are restricted to the period, during and 

at the end of construction of a dam. The studies are directed 
towards evaluating the influence of construction sequence, 
non-linear stress-strain relationships of soil, zero tensile 
strength for soil, and three dimensional effects on the pre- 
dicted results. The first two factors, even though considered 
by Strohm and Johnson (1971) before have been studied and 


included in the present studies for the sake of completeness. 


4.3 Selection of Sections for Parametric Studies 

The section shown in Fig. 4.1 represents a half of the 
maximum longitudinal section passing through the centre line 
of an earth dam founded in a narrow, steep, symmetrical valley. 
The same section, though not with the same number of elements, 
was used in all two dimensional analyses. The abutment was 
assumed to be rough and rigid. The same section was also 
considered previously by Covarrubias (1969) and Strohm and 
Johnson (1971). Therefore comparison of results to test the 
accuracy of the present analyses was facilitated. In order 
to evaluate the three dimensional effects on a comparative 
basis, the same symmetrical triangular valley was used for 


the three dimensional model. In this case, the dam was 
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symmetrical in the transverse direction also, with a central- 
ly located core having sides inclined at 1:10 and outer 
Slopes of 2:1. A view of one quadrant of the three dimen- 
sional model with the type and size of the spatial elements 


UuSedsitsashownnin Figil4¢2e 


4.4 Accuracy of Two Dimensional Analyses 

Since the accuracy of the finite element analysis de- 
pends to a large extent on the type of element and the number 
of elements chosen for the analysis, it is of interest to com- 
pare the results of the present work with other available 
solutions. For this purpose the section shown in Fig. 4.1 
was analyzed under plane strain conditions in a single lift 
assuming linear stress-strain relationships. One hundred 
constant strain triangular elements as shown in Fig. 4.1 
were chosen. The elastic parameters used are shown in Fig. 
4.3. The results obtained by Covarrubias (1969) for the same 
problem using slightly more refined quadrilateral elements 
are compared with the present results in Fig. 4.3. The 
horizontal and vertical displacements compared at the crest 
oftthe damdare almost identical. In Fig. 4.4 the extent of 
tension zones computed by Covarrubias (1969), Strohm and 
Johnson (1971), and the present analysis are compared for 
the same problem. The good agreement of results shown in 
Fiida4 and 4.04 sindicotesmthatethe number and “type totes le- 
ment selected are satisfactory for subsequent analyses on 


thessame seetionetoee| Wait iparametric effects. 
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An St hel niflwences ofeithe Construction wSitelp Gequvience 

Since an earth dam is constructed in a number of layers 
of small thicknesses, an analysis that simulates the con- 
struction step sequence is necessary to predict the stresses 
and strains in a realistic manner (Clough and Woodward, 1967; 
Kulhawy et al., 1969). It is not economically possible to 
deal with a large number of steps in an analysis. Hence it is 
necessary to determine the number of steps that result in 
reasonable prediction of stresses and strains. To assess 
this feature, two dimensional linear elastic analyses were 
performed for a different number of steps. The maximum verti- 
cal displacement at centre line of valley, the maximum hori- 
zontal tensile stress and strain at the crest are compared 
foradifferentsnumberuok steps thnafigecdms .hoTheovertical dis- 
placement compared includes the settlement due to self weight 
Ghveach layernastitetseplacedGm lacansbe seentfromariges4.5 
that all the three quantities compared are reduced with the 
number of steps and the reduction becomes insignificant after 
ten steps. Based on these results it is considered that ten 
steps would be sufficient for the purpose of present para- 


metric studies. 


4.6 Two Dimensional Linear, Non-Linear, and "No Tension" 
Analyses 


Since the deformational behaviour of soil is essentially 
non-linear, the computation of realistic stresses and strains 


requires that a non-linear stress-strain relationship be used 
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in the analysis, even though such relationships are employed 
within the framework of the theory of isotropic elasticity. 
In order to compare the results of linear and non-linear 
analyses, a typical set of conventional triaxial test re- 
sults, obtained by performing consolidated undrained tests 
on a silty sand was selected (Fig. 4.6). The soil tested 
represents the semi-pervious material of Duncan Dam (Chapter 
V). For the purpose of linear analyses an average linear 
stress-strain relation that represents the stress conditions 
at the mid height of the dam and close to the centre line of 
valley is also shown in Fig. 4.6. The initial tangent 
Poisson's ratio corresponding to the preceding linear rela- 
tion is 0.26. The curves relating volume changes to axial 
strain are discontinued after they become horizontal. 
Poisson's ratio was taken as 0.49 for subsequent stress 
levels. A density of 2.16 scm? WasmuSe dein sadelcana lyses 
and the construction was simulated by ten lifts in every 
case. As described in Section 3.9.1 the elastic moduli were 
derived in terms of stress invariants and each step was 
analyzed twice to use the "average moduli". 

The results illustrating the development of tension 
zones in the incremental linear analysis are shown iin SEAig:. 
4.7. Since it was assumed that soil can withstand a sub- 
stantial amount of tension, it can be seen from theeftinal 
stage of the analysis shown in Fig. AS Pacha astainlyelange 
zone remains in tension. However since soils in general and 


the soils used in the analyses here in particular have very 
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low tensile strengths, it is more appropriate to ignore the 
tensile strength in the analysis. In other words it may be 
assumed that as soon as an element goes into tension crack- 
ing would take place in that element. To simulate such a 
condition Zienkiewicz et al. (1968) suggested a "no tension" 
analysis in which the tensile principal stress in an element 
is artifically replaced by a systam of equivalent nodal 
forces for that element thereby the redistribution of stresses 
due to removal of tensile stress in an element after cracking 
is achieved in a number of iterations. This method of analy- 
sis is found to be more efficient than one in which the ten- 
sile element is treated as anisotropic by assigning a very 
low elastic modulus in the direction of the tensile principal 
stress and the analysis is performed iteratively. Kulhawy 
et al. (1969) treated a tensile failure, similar to a shear 
failure, by assigning a zero value of shear modulus to the 
element in which tensile failure occurs. Strohm and Johnson 
(1971) assigned an overall low Young's modulus to the element 
in which tension failure took place. Since a "no tension" 
analysis is more realistic and efficient than other methods 
it has been used here. After removing the tensile stress 
the element is assigned moduli calculated from unconfined 
compression test data since the confining stress is zero. 

The effect of a "no tension" analysis on the development 
of, the tensi-leezonessmajopeand minor principalestmessessuand 


the displacements is of interest. The results of incremental 


linear analyses performed with and without the removal of 
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tensile stresses are compared in Fig. 4.8. The extent of 
the tensile zone, as indicated by the contour of the zero 
minor principal stress, is smaller when tension is removed. 
The distribution of the minor principal stress is affected 
to a fair degree by the "no tension" analysis whereas the 
major principal stress and the vertical displacement along 
the centre line are relatively insensitive to the removal of 
tension. The variation in the distribution of the minor 
principal stress that occurs due to the “no tension" analysis 
depends to a large extent on the magnitude of the tensile 
stresses removed. If the tensile stresses removed are very 
small the "no tension" analysis does not significantly alter 
the results regarding the development of tension zones. In 
such cases analyses performed without the removal of tensile 
stresses may be preferred as it considerably saves the com- 
putation effort needed especially in a three dimensional 
analysis. 

The growth of tension zones in an incremental non-linear 
analysiS aS. illustrated in, Fig... 4.9.) It.can be geen, thatthe 
extent of the tension zone and the magnitude of tensile 
stresses developed are quite small compared to the results 
obtained in a linear analysis. A similar result was also 
obtained by Strohm and Johnson (1971). In this analysis it 
was assumed that the intermediate principal stress is equal 
to the minor principal stress (i.e., Choe 5 03) while calculat- 
ing the elastic moduli. For the elements in which tension 


occurs the modulus is calculated from the stress-strain curve 
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corresponding to unconfined conditions. A “no tension" 
analysis is not performed as the tensile stresses developed 


are very small in magnitude. 


4.7. Effect of the Intermediate Principal Stress 


It is of interest to assess the effect of the inter- 
mediate principal stress on the analytical results. To deter- 
mine any effects the intermediate principal stress was com- 


puted from: 
Ty = vo, + 03) 


and its value was utilized in calculating the stress invari- 
ants for deriving the moduli. An iterative procedure was 
used because of the dependence of Poisson's ratio on stress. 
Results obtained from such an analysis are compared in Fig. 
4.10 with those obtained by assuming om) is equal to 2. Ike 
is apparent that the intermediate principal stress has prac- 
tically no effect on the horizontal stress and strain at the 
crest of dam. However, vertical displacements at the centre 
line of the valley are about 2.5% greater for the analysis 
in which it is assumed that Oo is equal to 03. 
The small difference between the results obtained for 
the plane strain cases analyzed can be attributed to the 
condition, close to a confined compression with relatively 
small vertical strains, that exists over a major portion of 


the valley. Under small vertical strains the effect of inter- 


mediate principal stress is not significant Chloe. os. chapter 
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III). Because of the closeness to confined compression 9, * 


4.8 Three Dimensional Effects 


4.8.1 General 

Finite element analyses for embankments are performed 
mostly for plane strain conditions even though some solutions 
were obtained recently by three dimensional analysis (ered: es 
Frazier, 1969; Lefebvre and Duncan, 1971; Palmerton, 1972). 
The major drawback of a three dimensional analy S ses edits 
high computational cost compared to a two dimensional analy- 
sis. However, for certain situations a three dimensional 
finite element analysis for an embankment structure becomes 
very useful and sometimes irreplaceable. A three dimensional 
analysis may be preferred when the complex boundary geometry 
and boundary conditions cannot be represented by the plane 
strain conditions assumed in a two dimensional analysis. 
Considering the complexity of the problem of cracking of 
earth dams founded on irregular, non-homogeneous, compress- 
ible foundations, it appears that a three dimensional analysis 
is more relevant than a two dimensional analysis. Under such 
conditions a three dimensional analysis may be justified as 
its cost forms only a minor part of the total cost of the 


project. 


4.8.2 Three Dimensional Studies 


Palmerton (1972) compared the results of plane strain 
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and three dimensional analyses performed on an earth dam 
located in a narrow triangular valley, similar to that in 
Figs. 4.1 and 4.2. The plane strain analysis was performed 
only on the maximum transverse section. The analyses used 
non-linear stress-strain relationships in tne hyperbolic 
functional form and an incremental construction was simulated. 
Considerable differences in stress conditions were observed 
between plane strain and three dimensional analyses but the 
displacements predicted by both analyses were more or less 
similar. The differences between the stresses were mainly 
due to the arching action aided by the valley walls. 

From these results it appears that a two dimensional 
analysis performed on the maximum transverse section of an 
earth dam founded in a symmetrical or nearly symmetrical 
narrow rigid valley may provide useful information regarding 
the displacements which can be verified easily by field 
observations at the maximum section. 

In the present studies, the results of three dimen- 
sional analyses performed on the dam shown in Fig. 4.2 are 
compared with those of two dimensional analyses. For the 
purpose of comparison linear three dimensional analyses in 
single and multiple increments were performed. Linear analy- 
ses were performed to facilitate comparison of two and three 
dimensional analyses at the same moduli values. 

Fig. 4.11 and Fig. 4.12 show the comparison of vertical 
displacement and horizontal stress and strain at the crest of 


the dam respectively. As seen from the comparison the results 
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obtained by plane strain and three dimensional analyses are 
not significantly different. The difference between the maxi- 
mum vertical displacement of the crest obtained by the two types 
of analysis is 4.7%. Incremental linear analyses with five 
construction steps were performed for two and three dimen- 
Sromal -Sectrons shown if Pigs.4,1! and 402°" The *reswvl ts sof 
horizontal and vertical stresses in the core, and the vertical 
displacements at the centre line of the valley obtained by 
plane strain and three dimensional incremental linear analy- 
ses are compared in Fig. 4.13. The horizontal and vertical 
stresses near the crest obtained by both analyses are very 
much the same. However, significant differences in stresses 
are evident in the lower portion of the dam, the stresses being 
smaller in magnitude in the three dimensional case. The 
difference between the maximum vertical settlements at the 
centre line of the valley is about 13.6%. 

From these studies it emerges that the results of plane 
strain analyses are useful to predict, with some reliance, 
the tensile stresses close to the crest of a homogeneous 
earth dam founded in a narrow symmetrical steep valley. 

However, when the rigidity of the core differs from that 
of the shell the predictions by plane strain analyses lead to 
large errors in tensile stresses near the crest. This is 
revealed by the comparisons shown in Fig. 4.14. The plane 
strain analysis predicts much higher magnitudes of tensile 
stresses compared to the three dimensional analysis when the 


core is ten times softer than the shell. The reverse is true 
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when the shell is softer than core. The results are similar 

both in a single step and 5-step incremental analyses Leos 

though the absolute magnitude of stresses developed in the 
incremental analysis is considerably less. 

The reason for these large differences in stresses can 
be understood from the displacement patterns shown in Fig. 
4.15. The displacement results were obtained from three 
dimensional linear 5-step incremental analyses for two ratios 
of elastic moduli of core to shell. The ratios chosen for 
rigid and soft core are 10 and 0.1 respectively. The dis- 
placement of the surface points in the x-y plane are shown 
by dotted lines for the rigid core case and by full lines 
for thesgsoftecoregcasetpalhesdisplacementyvectors aboth sin 
magnitude and direction and the locations of the zones in 
which tensile stresses develop are also shown for both cases. 
The following features can be observed from this figure: 

(1) For the rigid core case, the displacements in the core 
are away both from the crest and the abutment. 

(2) For the soft core case, the displacements in the x- 
direction are towards the crest, and in the y-direction 
they are away from the abutment. 

(3) Plane strain conditions along the maximum longitudinal 
section, assumed in a two dimensional analysis, will 
not be satisfied in both cases. 

(4) Longitudinal tensile strains produced in a core of a 
given flexibility close to the crest are influenced by 


the flexibility of shell. A shell more flexible than 
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core produces greater longitudinal tensile strains in 
core than those produced by a shell stiffer than core. 
For example in Fig. 4.15 the displacements shown by 
dotted line would increase by ten times if an analysis 
is performed with the modulus of core equal to 200 KG/CM¢ 
(same as that used for the soft core case) and with the 
modulus of shell equal to 20 KG/CM*. Larger longitudinal 
strains produced in a rigid core due to greater flexibi- 
lity of shell result in larger tensile stresses in com- 
parison to the case of a soft core with a rigid shell. 
(5) In a rigid core both longitudinal and transverse cracks 
are possible whereas in the case of a soft core the 
cracks that are likely to occur in the core are mainly 
in the transverse direction. The locations where tensile 
stresses developed in the transverse and longitudinal 
directions, for the two cases studied, are shown in 
Pigs 24. 5: 
theedistribution on verticalvand horizontal stresses in 
core and shell for two cases discussed above is shown in 
Fig. 4.16. Large reductions in both horizontal and vertical 
stresses in the soft core can be seen. Such reductions are 
usually the cause of hydraulic fracturing, a factor that 
could cause internal cracks leading to piping failures 
(Bjerrum, 1967; Kjaernsli and Torblaa, 1968; Sherarnd tea le, 
i972). Whig 447 sshowsetneseffect of ithe difterencesin 
flexibilities between core and shell on the maximum tensile 


principal stress developed in the core. The results were 
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obtained by performing three dimensional linear analyses in 

a single step for different ratios of moduli of core to shell 
ranging from 0.01 to 100.0. The variation of the maximum 
tensile stress is predominant between ratios 0.1] to 10.0. 

For ratios less than 0.07, representing conditions seldom 
realized in practice, the computed stress may not be reliable 
and it is thought that the dashed line is more representative. 
While the result shown in Fig. 4.17 is applicable to the geo- 
metry and the conditions assumed in the analysis, it never- 
theless indicates that by controlling the compaction and mois- 
ture content of shell and core, placement conditions of the 
fill can be specified which will contribute significantly 


_ to the design of dams against cracking. 


4.9 Considerations of the Flexibility of the Core to 
Control Cracking 


One of the common methods used to control the cracking 
of earth dams is to place the fill at water contents 1 to 2% 
greater than the optimum. It is assumed that the increase 
in flexibility of the core thus achieved, prevents the core 
from cracking due to tensile stresses. However, when the 
flexpbilittysor the core, 1s) to be increased. 3110 1s, necessary e co 
distinguish between two common situations: 
(1) A dam built on a highly compressible foundation, will 
| undergo differential settlement which causes tensile 
cracks in the core (e.g., Duncan Dam, Chapter V). The 


stresses in the core are governed mainly by the settle- 
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ment of the foundation and the flexibility of the core. 
When the flexibility of the core is increased the tensile 
stresses in the critical zones are generally reduced. 
(2) The tensile zones developed in the core of a dam built 
in a valley with more or less rigid aoutnctt Stata incom- 
pressible foundations are governed mainly by the settle- 
ment that occurs within the core. Two dimensional finite 
element analyses under plane strain conditions were per- 
formed on the section shown in Fig. 4.1 for the following 
three cases to illustrate the effect of increasing the 
flexibility of the core and the non-homogeneity of the 
core on the development of tensile zones: 
(i) A homogeneous dam (Fig. 4.18(a)) consisting of 
material with E = 200 KG/CM* and v = 0.35. 
(ii) A homogeneous dam (Fig. 4.18(a)) consisting of 
material with E = 100 KG/CM? WV pce hams Uiee ecu Spams eyes 
(iii) A homogeneous dam (Fig. 4.18(b)) consisting of 
two materials with 
(a) E = 100 KG/CM* and v = 0.35 in the tensile 
zone as determined in case (i) or case (ii) 
and 
(py) S TES 82200 KG/CM“ and v = 0.35 elsewhere in 
the dam. 
Fig. 4.18(a) compares the tensile zone and the tensile 
strain along the crest for cases (i) and (ii). An increase in 
the flexibility of the core does not change the tensile stresses 


or the extent of the tensile zone because, for the type of 
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boundary considered, the stresses are independent of the 
values of the moduli used in the analysis. The tensile 
strains along the crest, on the other hand, increase with 
the flexibility of the core. 

Fig. 4.18(b) shows the results of a finite element 
analysis performed on a non-homogeneous section. This sec- 
tion consists of two types of material. A material with a 
high flexibility is incorporated in the tensile zones deter- 
mined previously for homogeneous section (case (i) or case 
(ii)), whereas material with a low flexibility is retained 
elsewhere in the dam. The non-homogeneity of the material 
in the dam causes a favourable stress redistribution, the 
magnitude of tensile stresses is lowered as well as reducing 
the extent of the tensile zone. The tensile strains along 
the crest are slightly more than those obtained in case (i). 
Introducing another type of material of higher flexibility 
than that corresponding to 100 KG/CM? into the tensile zone 
indicated by tensile stresses in Fig 4.18(b), further reduces 
the tensile stresses and the extent of tensile zone. 

For the type of boundary considered above, the reduc- 
tion of tensile zones or even their elimination would become 
possible if materials with appropriate flies big ut ymeharacteris— 
tics are properly distributed within the suspected tensile 
zones. An overall increase in flexibility of material through- 
out the core, for the type of boundary considered, is of little 
use in controlling of tensile cracks. A finite element analy- 


sis with non-homogeneous modelling can be employed conveni- 
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ently, as shown, to assess the relative influence of changing 
the placement conditions of the fill in the critical zones of 


a dam. 


4.10 Summary 


An analysis which considers realistic boundary condi- 
tions, representative non-linear stress-strain characteristics 
of soils and the construction step sequence is a considerable 
contribution to the proper evaluation of tensile zones in 
earth dams both during and at the end of construction. A 
single step linear analysis, even though simple and straight- 
forward, exaggerates the tensile zones and results in unrea- 
listic displacements and stress distributions. Consideration 
of incremental loading is of utmost importance even for an 
approximate evaluation of displacements. The influence of 
the intermediate principal stress on the results of a plane 
strain analysis is small when geometry analyzed almost repre- 
sents conditions of confined compression with relatively smal] 
strains. This generally occurs for a valley having a narrow 
profile. The removal of tensile stresses in cracked zones 
("no tension" analysis) influences the results of the non- 
linear incremental analysis of cracking only to a minor 
extent. As a non-linear incremental analysis in general 
results in tensile stresses of low magnitude compared to those 
obtained by a linear incremental analysis, the redistribution 
of stresses caused by the removal of tensile stresses does not 


significantly alter the extent of tensile stresses subsequent- 
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ly computed in the upper layers. As the "no tension" analy- 
sis involves an iterative procedure its use in a three 
dimensional anes increases the cost of computation con- 
siderably. Because of its rather minor effect on the results, 
and also due to the high cost of computation involved, a 

"no tension" analysis was not introduced into the three 
dimensional finite element program for the purpose of the 
present work. The extension of the "no tension" analysis 

to three dimensional problems is however possible. While a 
two dimensional analysis provides reasonably accurate solu- 
tions in the analysis of cracking of homogeneous earth dams 
founded in narrow steep valleys, significant errors could be 
caused when core and shell differ in their deformational pro- 
perties. The tensile stresses are under-estimated when the 
shell is more flexible than core whereas they are over- 
estimated when the shell is less flexible than core. For 
certain boundary conditions a finite element analysis with a 
non-homogeneous modelling of dam may be used to assess the 
relative influence of changing the flexibility of the fill. 
Such an assessment is useful in designing dams against tensile 


cracking. 
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FIG, 4.2 QUADRANT OF DAM ASSUMED IN THREE 
DIMENSIONAL ANALYSES 





100 WELKE2 





YATAMMYe AO SIXA 
MAG AO 





peiaonchan YaIJAV 
cant MM. é +06 








VERTICAL AND HORIZONTAL DISPLACEMENT OF CREST 
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TWO DIMENSIONAL ANALYSIS |[ COVARRUBIAS, 1969] 


COMPARISON OF VERTICAL AND HORIZONTAL 
DISPLACEMENTS FOR TWO DIMENSIONAL 
SINGLE STEP ANALYSES 
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CHAPTER V 


ANALYSIS OF CRACKING AT DUNCAN DAM 


Dele Cope 


In this chapter the analytical procedures developed 
in the previous chapters are applied to the analysis of the 
cracking of the Duncan Dam to assess their practical appli- 


cation. 


Sven Introduction 

As pointed out in Chapter III, any analytical procedure 
that attempts to model a real structure mathematically in 
order to predict its behaviour can only yield approximate 
answers. This is a result of the various simplifications 
introduced into the analysis in representing factors such 
as the complex stress-strain behaviour of soils, geometry 
of the structure, the boundary conditions, and the history 
of construction. In addition, the laboratory stress-strain 
data used in the analysis can sometimes introduce an appreci- 
able error in the prediction of in-situ behaviour (Alberro, 
1972; Low, 1972). These factors introduce an unknown error 
into the model. The magnitude of this error can be assessed 
by comparison with an actual case history. Hence studies of 
the behaviour of well documented earth structures are of ut- 
most importance for the evaluation of analytical procedures 


based on the finite element method (Chang and Duncan, 1970). 
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The recorded behaviour of the Duncan Dam in Southern British 
Columbia, Canada has proved to be particularly valuable for 
verifying the usefulness of the proposed procedures in the 


analysis of cracking of earth dams. 


9:3 History of Cracking at Duncan Dam 


S23.1 salient Features 

A detailed account of cracking at Duncan Dam and the 
remedial measures taken for its successful completion are 
given by Gordon and Duguid (1970). Only the features rele- 
vant to the present analysis are described here. 

Duncan Dam is an earthfill dam built during 1964-1967 
on the Duncan River in British Columbia, Canada. The dam 
makes it possible to increase the power generation at down- 
stream plants and also provides a measure for flood control. 

The dam is about 120 feet high and 2500 feet long with 
an upstream sloping core. It was built across a valley, 
underlain by sediments about 1240 feet deep infilling a 
canyon. The stratigraphy of the foundation, shown in Fig. 
5.1, is rather irregular with deposits ranging from the rela- 
tively incompressible gravel to silty clay layers, possessing 
considerable compressibility. The poor foundation conditions 
and previous experiments with dams on deep alluvial deposits 
dictated the use of conservatively flat side slopes. A 
typical cross-section of the dam is shown in Fig. 5.2. The 


designers of the dam anticipated large settlements and made 
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provisions in the design and construction procedures to avoid 
excessive cracking (Gordon and Dugid, 1970). The main steps 
taken were the delayed placement of core-abutment ties, place- 
ment of overwet till core (1% to 2% greater than the optimum 
water content) and the self healing zoned section of the dam. 
Also the dam has been profusely instrumented with settlement 
gauges and afi a TRA both in longitudinal and transverse 
directions. The locations of the settlement gauges in plan 
viewrare,indicated,inuFigs)5.3. ~The positions of.centrally 


located gauges (numbers 9 to 18) are shown in Fig. 5.1. 


5.3.2 Observed Differential Settlement Cracks 

The settlement records for the period from May, 1965 to 
October, 1966, taken from the construction reports, are plotted 
in Fig. 5.4. Each settlement line in Fig. 5.4 corresponds to 
the particular date indicated, and the corresponding level of 
fd linisSesnownsonithesilongitudinalesectionaing&hig.+5-leauihe 
settlement records clearly indicate a significant shift of 
the maximum settlement towards the left or east abutment. 
Although the maximum settlement agreed with the anticipated 
settlement in magnitude, its shift towards the left side was 
rather unexpected. These large differential movements result- 
ed in transverse cracks in an area located on the upstream 
side of the dam and between the left abutment and settlement 
gauge No. 18. The extent of the area of visible cracking 
shown in Figs. 5.1 and 5.3 is between Sections 2 and 3 with 


the centre of the area located approximately 440 feet along 























- 

; v 

brovs oy estubs2071q NafToNIsenoo bas ne hedb ad! at anotetvorg 

eqote atsm oft ,(ON@l .bfowl bas nobwod) pntdaeyvs ovieeeokes | 

=sosfq .29'i 1nemtuds-s%00 FO jnomooeTq baysliab Sad sqyow neues 7 
mumistgo off nedé v9s69%p 8S of ¥1) o800 TEES sewveve Fo SHen 


.msb sit to nofttose banos pnt ised Piee add bas (Saedn0s WISH 






| ei | . ry 





towemsitise niiw botnemuatan? ylecvtetg need 260 meh ene derA 
s2teveneis bis Tentbidepnol wf dod etetemesetq bas 29pusp 


no6lq af 29ptep tiamaltis2 sit to enottso0! sat /2norsoes hb 


Vifevines to 2enorsf2oq sat .£.2 pri ni bsisatbat ots warty 
. a 

~f.@ .BF1 nf awotle. sts (81 of @ evedmun) zepusp bed s20! 

> ow 7 


het 
elos1) sngmsltyse IsitnevstttG bayyeed0 $.6.8 


oy ¢d0i . ys" mort boitsaq ent to? ebue°:s7 insweligiee sat 
n at 


besijolq sts ,2i109gst notiauss2noo sft mort noted .80@l ,yedosa0 
ys iva 

o3 2bnocest10> §.2 .pri nt ent! tusmelsiee dosd .8.2 .otF we 

. oa. @ 

to fevel prtbnogesti0n sit bas ,bedseotbat sixeb t5[uott1sq sft 


sat .f.¢ .gF4 nr nofsose [entbutipaof sat ao awode et TTR 


1 Pau AG 
to Stifd2 Inscttinpia 6s stsotbnt -yivssts ebaosey taemelisae 7 
1 } ‘Ss. Agung 
.tnontuds s268 10 339) sit zhy6wod Snomsldtee mumtxsm end 
VCC, 
bsteqgraitns sds istw bsexps toomelttee mumtnem ods be 
e6W SbT2 Stef o3 2baswot atine ett «e0ysinpan nt inens/ 330, : 
rer wen ' 





het 2tnomavon i stansiat? fb spe i peett war oune ets vont 
7 baa “oa iy bersoofi Asis ms ak iowa vensxs at bs 
a ed ee ee tt ctr 
a) de 7a Hid 88 , a ) 






ao 





‘9 aa i dolls oo ; : aint ies 26 : 
af a a 7 
; - 7 7 
4 | > — bei hs 7 7 i oo ; vy 
‘ 2 J 7 





160 


the crest from the left abutment. 


wanes | esequence) of Appearance of Cracks 


The cracks did not all appear simultaneously and at 
the same level of construction of dam. The sequence of 
Ghacking ehsyabilus trated yin Migs ths5 snsCracking was afi rst 
observed on August 14, 1966 on the upstream slope of the dam, 
about 210 feet from the centre line. Within a week the num- 
ber of cracks increased with new ones appearing closer to 
the centre line of the dam, as indicated between Sections A 
andeC Gin: Rig. bnid-ay lites ofyinteres:s tognote sthat «during 
this particular week (August 15-22) the increment of settle- 
ment recorded by gauges Nos. 16 and 17 was about half a foot. 
As the settlement of the foundation continued and with the 
addition of some fill subsequent to August 14, 1966, further 
cracks appeared in the same zone in October, 1966. This time 
the cracking was located between Sections B and C as shown in 
Fig. 5.5. The approximate zones of cracks, as revealed by 
exploratory trenches and test shafts, and their sequence of 
development is shown in Fig. 5.6 along with the settlement 
of the »ase of dam in the transverse direction on August 14, 
1966 and on October 28, 1966. The cracks revealed by the 
test shafts varied from one to three inches in width and 
extended downwards approximately to El. 1810.00, intercepting 
many large voids of about 10 inches in width. 

Gordon and Dugid (1970) have described the measures 


subsequently adopted to control the cracking. These measures 
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essentially consisted of preloading the area to the west of 
the cracked zone with a surcharge of 260,000 cubic yards of 
material to induce as much settlement as possible ahead of 
placing core and core-abutment tie, sluicing the gravel shell 
material with water to close all the previous cracks, increas- 
ing the capacity of gravel blanket and drains on the down- 
stream side of the dam to handle more leakage, and changing 
the section of the dam in this area. The impervious core was 
brought closer to the upstream face where it could be placed 
as late as possible. An additional benefit of the surface 
core was its better accessibility for reworking any cracked 
area that might result from the settlement continuing at a 
substantial but decreasing rate for a number of years. The 
core material was made more plastic by mixing it with about 
6% bentonite. This increased the plasticity index of core 
material from 4 to approximately 20. The downstream slope of 
the upper fill was flattened from 2:1 to 3:1 to increase the 
slope stability as a precaution against the saturation due 

to leakage through possible future cracks. The adoption of 
these measures and careful inspection since construction has 


resulted in satisfactory operation without any leakage. 


5.4 Analysis of Cracking 


The analysis presented here is concerned only with the 
period up to the end of October, 1966. The core material of 
Duncan Dam is a glacial till with the following characteristics 


(Gordon and Dugid, 1970): 
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Liquid limit 17.6% 
Plasticity index 4.3 

Proctor optimum moisture content 9.8% 
Proctor maximum dry density 12 Snal:b Sy /.caate 


Thesis ize. distributions) shownein figéo Sadi ye Tnerepas 

a considerable similarity between Duncan Till and Mica Till 
(Section 2.8.1). From the tensile studies conducted on Mica 
ii leit ican be concludedsthat,a Joweplasticytild such as 
Duncan Till will have a negligible tensile strength especial- 
ly at water contents wet of optimum. The low tensile strength 
of the core material of Duncan Dam suggests the reasonable 
assumption that the cracks have appeared when one of the prin- 
cipal stresses became tensile. The problem of assessing the 
suitability of the finite element method for the prediction of 
cracking is one of calculating the zones of tension and com- 
paring them with the zones of cracking observed in the actual 
structure. 

A three dimensional finite element analysis has been 
used as it is more relevant in this present case than a two 
dimensional analysis. Nevertheless for the sake of compari- 
son a two dimensional analysis has also been performed. 

During construction, the deformations and stresses in a fill 
dam result from the compression of the foundation and the 
gravity loading of the embankment itself. The effect of 
foundation settlement, which was the dominating factor in 
the case of Duncan Dam has been introduced into the analysis 


by specifying the incremental settlements derived from Fig. 
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ea aierthe baseor thea dam @'for various Tevels of construc- 
tion as shown in Fig. 5.1. This represents a boundary condi- 
tion of known displacements. The gravity loading was intro- 
duced by specifying the self-weight of only the newly added 
material of the fill. The analysis was performed in 5 lifts 
as shown in Fig. 5.1 with each lift analyzed twice. The 
three dimensional finite element idealization used is shown 
in Fig. 5.1 in the longitudinal direction and in Fig. 5.7 in 
the transverse direction. A total of 310 elements and 426 
nodes were used. The material idealization consisting of 
core, pervious, semi-pervious, and common pervious types is 
als'o-'s HOWE ei ne Pig’. : 59.72. 

The non-linear stress-strain relationships were intro- 
duced into the analysis in digital form as described in 
Chapter III. The triaxial test data used in the analysis 
for the materials are shown in Figs. 5.8, 5.9 and 5.10. 
Consolidated undrained test results were used for the imper- 
vious and the semi-pervious materials because it was thought 
that such data would be the most representative of the field 
conditions. These are somewhat in between the two extreme 
limits of unconsolidated-undrained and consolidated-drained 
conditions. This is partly because of the rapid loading dur- 
ing the embankment construction and partly due to the low pore 
pressures generally developed in the core and the semi- 
pervious zone. However it is recognized that the approach 
can only be approximate as the partial consolidation that 


occurs in the field cannot be represented accurately by the 


























eal 


-alysenox Yo zlaval alitttes 40? «usb ott Fo seed eas Je Bod 
~-hbnos yisbaved 6 etnsasnasy 2rdy .1.2 .pFP WP WwOee e8 Hore 
-o1ini esw poibsol \Ytiverg od7 . 2traneosTaeP6 Wwend Yo ORD 
bobbs yiwon odd yo to thotew-tloe eft pwiytiseqe Vd beoub ; 
eftrl c nf bawmioiveg 25w zteylens ott TPF Std VO TePvezae 
ont .sotwt besyPewe tT! Anse Hite thie pra nf nwode 26 | 
mwone 2f bstu wofipstissb? snemols oat nt? Fenehenomth eens 
nt V.c .eft nt bane norssa1hh Tentbustonol sae mk Fle" pty ae 
oS) bné a2tnamsls Of jo sted A .nortossfb s2evevensts BHF 
to pnrg2rencd noftasifesbt Tsivetem Sat .bes2U 843Ww 2ebon 
er esgys evofyv1sq nonmoa bis , 2volvisq-taee | eNorvTsh" feqeo 
V.@ of? ni nwode oes 
“oNsnt S8v9w 2qinenottelss nisyie-cesyte veand f-nee sat * 
nr bediyzesb 25 wiot [ettpib nt eteyiens SAS’ odneebSBeb 
efeylsnés set nt bseu steb peas Tetxatad saF OPTT xsiqeno 
.Of.¢@ bos &.2 .8.@ Vept9 ot nwode sve She lvedim snd eee 
-roqmi 8nd vot bsen sisw atfuesey test bon Peabay bes sbtio2ned 
Jnguony 25 Jf seusosd aletiotem evotvyoge impel BHF bis euDEy 
biott snd to SviJsinsesyqey t200 edd ed bivow sisb ddue Fens 
SMSITXS OW Sri neawied at tedwentoe of6 BeenT Lenore thas 
bentarb-bstebtioznos bus bantsrbnv-bedebrtoeneshulhe sere 
-yub entbeal bigs, sd to savessd yYisvbq oF balls 
onal ani + 9ub Nit8q Bs, no tsousatite 


7 
nA S| a a3 e a 
on te an 
: ny : , S109 5 / : O ‘Sv ; be w uy 
al _ a . 7 A er = iyaacs itt te a i fariy 
| Re 


oe, Cee ee oo 












164 


conventional consolidated undrained tests. 

The stress-strain data used for core and semi-pervious 
zone in the analysis were derived from the available tri- 
axial test results of Duncan Dam materials obtained prior 
to the construction of the dam. These tests were performed 
on samples comprising materials below 3/4" size. The test 
specimens were prepared in a 4" diameter by 8" high, 3 part 
split mould. Soil was compacted in five equal layers of 
approximately 1.7" thicknesses. Twenty-five blows of a 
standard 5.5 1b. hammer with a 12" drop were applied to each 
layer. Tests were performed on samples prepared at optimum 
water content and 3% greater than optimum. Since the placement 
water content was approximately at 1% to 2% greater than the 
optimum the stress-strain data used in the analysis was derived 
from the available test data by averaging the stress-strain 
relationships. Stress-strain data were not available for the 
pervious and the common-pervious material used in Duncan Dam, 
therefore drained triaxial test results of a gravelly material 
having similar gradations as at Duncan was used in the pre- 
sent analysis. The stress-strain relationships (Figs. 5.9 
and 5.10) used in the analysis for the pervious and the 
common-pervious materials were derived from the available 
extensive triaxial test data obtained in connection with the 
design of Mica Dam for different gradations of sand and 
gravel. The test results were partly reported by Skermer 
and Hillis (1970). The tests were performed on 6" x 12" 


samples, at different cell pressures ranging up to 450 psi. 
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The corresponding gradations of pervious and common pervious 
material, for which the stress-strain relationships were 
derived, are shown in Fig. 5.11. The average gradation 
curves of pervious, semi-pervious and core material of the 
Duncan Dam are also shown in Fig. 5.11. 

As discussed in Chapter III Poisson's ratio was limited 
to a maximum value of 0.49. "No tension" analysis was not 
performed for the reasons given in Section 4.10. The calcula- 
tion of the elastic parameters in terms of K and G was done 
using the procedure described in Section 3.9. 

The two dimensional analysis was performed assuming 
plane strain conditions along the central longitudinal sec- 
tiong thetadeall i zatdont of! winitch?aseishown! inviFigh Ssl4ssedhe 
analysis used 235 nodes and 388 constant strain triangular 
elements. The number of lifts and the construction levels 
were kept the same as for the three dimensional analysis 


(Fig.n5ad ja 


5.5 Results of Analyses 


5.5.1 Three Dimensional Analysis 


The aim of the analysis was to compare the locations 
of the tensile stresses computed for the idealized analytical 
model of the dam with the location of the cracks observed in 
the real structure. The zone of cracking, as noted earlier, 
was confined between transverse sections 2 and 3 (Figs. 5.3 


and 5.5). It is convenient to deal with the development of 
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the cracks between these sections by considering an inter- 
mediate section located at a distance of 440 feet from the 
left abutment (Fig. 5.5). This section is located approxi- 
mately in the centre of the cracked area. To facilitate the 
comparison of progressive development of cracks along the 
transverse direction and height of the dam, vertical lines 

I, lls Bbiaandaly in Figswidad and 5s6earedconsidered: pelhese 

are the vertical lines at which the sections A, B, C and D 

intersect the intermediate section, referred to above. 

The distributions of minimum principal element stresses 
and strains along the vertical lines I, II, III and IV have 
been computed by three dimensional analysis for two different 
time instances, August 14 and October 28, which correspond to 
two different levels of filling and settlement of foundation. 
The results of the present three dimensional analysis along 
with those of a previous three dimensional analysis (Eisen- 
stein et al., 1972) are shown in Fig. 5.12. The previous 
analysis differs from the present one only in the following 
respects: 

(1) Because of the limitation on the number of material 
types that could be handled by the previous computer 
program only three types of material namely the pervious, 
core, and semi-pervious materials were considered in 
the previous analysis. The common-pervious material 
considered in the present analysis was assumed to be the 
Same as the semi-pervious material. The zone represented 


by the common-pervious material of the present analysis 
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is in general stiffer than the corresponding zone of 
the previous analysis. 

(2) The elastic moduli were calculated directly from the 
conventional plots of triaxial test data, instead of 
the stress invariant approach, used in the present 
analysis. The reference confining stress was assumed 
to be average of the minor and intermediate principal 
stresses that occur in an element. Whenever a principal 
stress assumed a negative value it was considered to be 
zero in calculating the confining stress needed for the 
derivation of moduli. When both the minor and inter- 
mediate principal stresses were negative, the confining 
stress was assumed to be zero. 

The results by the previous and the present analysis 
are discussed below. 

On August 14, 1966 the first cracks appeared in the 
area upstream of vertical line I and in its vicinity. The 
analytical results obtained for this stage show that the only 
tensile stress found is along the vertical line I and above 
an elevation of about 1830 feet. All other parts of the dam 
remain in compression at this time with regard to stresses, 
although principal tensile strains are common. Within a 
week, more cracks developed extending towards the centre 
line. However no analysis has been performed for conditions 
at this date (August 22, 1966). 

In October, 1966 a new distinct crack was observed 


within the same transverse section but now extending between 
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sections Band Co ( Fig. 5°5).8° The stresses calculated along 
vertical lines II and III clearly indicate tension between 
seetionses”and C= for the conditions existing at the end of 
October. Tension is not indicated along vertical line IV 
and no cracks were detected in HUST VICINUGLY 2 nererore, the 
calculations indicate reasonably well the sequence of crack- 
ing along the transverse section. It is interesting to note 
that the previous and present analysis, although introducing 
Slightly different elastic parameters into the computations, 
lead to the same conclusions as regards the sequence of crack- 
ing. This indicates that the most dominant factor in the 
analysis of cracking at Duncan Dam is the effect of the 
settlement of the foundation. 

In order to verify the location of the cracks in the 
longitudinal direction, the distribution of minimum principal 
stresses and strains along centre line and section B are 
shown in Fig. 5.13. The stresses and strains are plotted 
for surface elements for two dates namely, August 14, 1966 
and October 28, 1966. Since these stresses and strains 
obtained by the previous and the present analyses are almost 
the same (Fig. 5.12), the results of only the present analy- 
Sissare shown in’ rig. o.l3. From this figure, 1t. can Dé seen 
that the analysis indicates the location of the cracks along 
the longitudinal section of the dam with reasonable accuracy. 
Some tensile stresses are also indicated adjacent to the right 
abutment and, indeed, limited cracking was observed in this 


area as well. 
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5.5.2 Two Dimensional Analysis 

The distributions of minimum principal stress and 
strain along the central longitudinal section (Fig. 5.14) 
for two dimensional analysis are shown in Fig. 5.15. It can 
be seen that the location of the transverse section along 
which cracks appeared is predicted properly by the two dimen- 
sional analysis. However, the sequence of cracking and the 
distribution of cracks along the transverse section cannot 
be predicted as a plane strain condition is not satisfied 


on sections A, B and D (sFeuG,. abana) ss 


5.6 Summary 


Duncan Dam, constructed on an extremely compressible 
foundation, was subjected to severe cracking due to large 
differential foundation settlement. Accurate and detailed 
observations of settlements and cracks at Duncan Dam con- 
stitute an important case history. Advantage of this was 
taken to test the usefulness of finite element analysis for 
assessing the cracking potential of earth structures. 

The stresses and strains in Duncan Dam were computed 
using a three dimensional finite element program including 
the realistic boundary conditions, the non-linear stress- 
strain relationships and the actual construction step sequence. 
Two dimensional finite element analysis has also been per- 
formed assuming a plane strain condition along the central 
longitudinal section. The results of the three dimensional 


analysis predict reasonably well both the location and sequ- 









2taylenA len ot enomig | owl. 
. Hist: 
ne 
ft 


' 
ie 


N& 229132 [6Qranhtq mumintm to 2notdudingath sdT 


' we 


iP'.cC .Pfi) AOrsaS2 BATDUI Ton lavinss sz pnole a b4 





= 
2 ¥ 





7 











no 47 iT at js. See ann Bie aie , ely 
N69 37 el .2 ut | of2 5%5 {isns [anotanemthb ows 40% 


ar 
pnols nortose *V2Nst3, 983 to nortaesol aht dans need. 
namtb ow: vt ey ee oe ae 
owt end ve | siatb: 2i betseggs 249819, datdw 7 


oo 
SI UNE i ’ 21 : 
SwOK .ateyfens Ten 
fzo4 93 2ASBTO To notsiudt 
7 4 
\ 2 6 : < ad 4 7 2 b S75 ’ b 


bie @ ,A enotiase no - 
at 
Yismay2 Boe. 
MS NO pSToUys2nao n6Q néeanud 7 ‘4 al 
jastdue 26w nottsbavot 
notséebauot? Istin: s1etttb. 
nefstee2 to wise a 


Z i, 
2269 Instvoqmi ns estusttie. J 
nq a i 








a\ é 3 | 
’ ; Q2 P i4 F , Pe | ds. , 
ww Sit Past of ns 5d Ay 
a La. MM 
es U3 504 - bw ‘ . ef +> +h a 7 
69 Tl ShTINS70G PAT ADS%o Se Dp 
; } id =] 4 oni gi 
28INGMOD SV5W mse neonLd at 
~ nd ag ttt — 4 i tif iM i; Ain: Né Secs 3 
. j j crisaiZ vile 2 cc IZ2 on 


pr fhulantr MB Yoo %G +; smeaio attarF ; = ' § Pe ie 
 inemets atta [snotensmth 0749 A Eh Eile, 


: -229"t2 weSniT-non sit 





| cenort thro vr1sbaved 9 atte isi 

Ay) Su , >, ” hel tan 

f te Noftoursenos | SUJ96 ong brs -aqienots 51970) FS. 
: aad-oels enn Se ee atte Meabiaaa bh « 


sot tone 7 anbente an sig 5 paimuzes ben 


* any Apr °B: + be. > 294 






E 






170 


ence of development of the cracks. The two dimensional 
analysis predicts reasonably well the location of cracks 
along the longitudinal section, although the sequence of 
development of cracks along the transverse section cannot 

be predicted. The agreement found between analysis and 
observation is noteworthy since it is unlikely that the 
stress-strain relationships used in the analysis are wholly 
representative of the in-situ behaviour. One might anticipate 
that sometimes the agreement between the observed and pre- 
dicted displacements will be less impressive compared to 

the agreement between stresses. This is due to the fact 

that displacements are, in general, more sensitive to the 
variation of elastic parameters used in the analysis than are 
stresses. From the results of the finite element analyses 
performed on Duncan Dam, it may be concluded that the finite 
element method has a considerable potential in the analysis 
of cracking of earth dams. Reasonable predictions regarding 
the cracking of earth dams appear to be possible even with 


the use of simple, isotropic elastic theory in the analysis. 
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CHAPTER VI 


CONCLUSIONS AND SUGGESTIONS FOR FURTHER RESEARCH 


6.1 General 

The finite element method is a very useful and versatile 
tool for the analysis of savas of earth dams. To obtain 
results that are useful in the prediction Of scrackindecr 
earth dams during and at the end of the period of their con- 
struction, the geometry of the dam, the displacement boundary 
conditions, the construction step sequence, and the stress- 
Strain relationships of soil are to be simulated properly in 
the analysis. 

For a proper simulation of certain complex geometries 
and boundary conditions of the dam a three dimensional analy- 
sis becomes a necessity. In general a three dimensional 
analysis requires a considerable amount of computer memory 
and computer time. However, with the availability of large 
Capacity computers three dimensional finite element analyses 
for large structures such as earth dams, are now feasible. 

Any procedure, that attempts to simulate the real 
stress-strain behaviour of a soil, can only be approximate 
for the following main reasons: 

(1) A satisfactory theory which can completely account for 
“the deformational behaviour of soils is not presently 
available. | 


(2) The limitations that usually exist in the field and 
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laboratory test procedures make it difficult to obtain the 
necessary parameters to describe the deformation of soils 
under different conditions of loading. 

Assuming piecewise linearity, isotropic elastic theory 
has been used in the present analysis of cracking of earth 
dams. Though the theory cannot account for the dilatancy 
effect of soils, it is simple and the parameters needed for 
its application to the analysis are easily obtained from the 
conventional laboratory tests. The acceptable agreement 
obtained in this work between the results of analysis and 
the field observations at Duncan Dam suggests that the theory 
used in the analysis is satisfactory for the prediction of 


cracking of earth dams. 


6.2 Criterion for Failure of Soil in Tension 

Soils are extremely weak in tension. From the results 
of the tensile studies conducted on a low plastic glacial 
till (Chapter II) it can be concluded that when the placement 
water content is above optimum the tensile strength of soil 
is practically equal to zero. Hence, a criterion for tensile 
failure, based on zero tensile strength for the core of the 
dam, appears to be appropriate. When the analysis is aimed 
at evolving a suitable design for an earth dam against ten- 
sile cracking it is prudent to neglect the tensile strength 
of the material of core. A criterion based on tensile strain 
at failure has been suggested (e.g., Narain, 1962). This has 


the following disadvantages when compared to the criterion 
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based on zero tensile strength: 


(1) 


The tensile strain at failure for a soil is a sensitive 
parameter depending on factors such as type of soil, 
water content, rate of strain, type and the amount of 
compaction, state of stress in the directions normal to 
the direction of tensile stress, and the type of tension 
test used. In comparison to the compression tests, ten- 
sion tests are more difficult to perform as routine soil 
tests. The tensile strains are usually observed over 
large distances along the crest of dam whereas the 
laboratory tensile strains are observed on comparatively 
small specimens tested under certain particular stress 
states. As such the correlation achieved between the 
field and laboratory tensile failure strains can only 

be approximate. 

In general when compared to the strains the stresses 
computed in an analysis are less sensitive to the changes 
in elastic moduli. Because of the present limitations 
that exist in Simulating fhe stress-strain behaviour of 
soil using laboratory test data it is unlikely that the 
stress-strain relationships used in the analysis would 
be wholly representative of the field behaviour of soil. 


Under these circumstances it appears reasonable to place 


‘more reliance on the computed stresses rather than on 


the computed strains. 
There is a possibility for a principal strain to be 


tensile while the three principal stresses remain com- 
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pressive. This situation does not lead to a tensile 
crack. The analysis of cracking at Duncan Dam (Chapter 
V) indicated the observed tensile cracks only occurred 
at locations where one of the principal stresses and 
the corresponding strain were tensile. This indicates 
that the criterion based on tensile strain alone is 
inadequate for the analysis of cracking. When the ten- 
sile strength of the soil is assumed to be zero no reli- 
ance on tensile tests need be made in the analysis. 
Laboratory tensile tests are, however, useful for mak- 
ing comparative studies on tensile characteristics of soils. 
Such studies are useful in specifying the type of core material 
and its placement conditions for an effective control of 
cracking. In spite of the limitations outlined previously 
the laboratory tensile failure strains still provide useful 
information to aid in the interpretation of the field ten- 


sile strain measurement data. 


6.3 Tensile Characteristics of Soil 

The indirect tension test procedure, used in the pre- 
sent work for evaluating the tensile characteristics of a 
typical till, was found to be satisfactory. The test proce- 
dure can be used for soils with low to medium plasticity to 
ensure a brittle failure. A procedure to obtain the tensile 
stress-strain relationship for soils with different moduli 
in tension and compression is indicated. 


Based on the laboratory tests performed on Mica Till 
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with and without the addition of small amounts of bentonite 

the following conclusions are drawn: 

(1) When the water content is above optimum the flexibility of 
a soil increases rapidly with the water content whereas 
the tensile strength decreases with the water content. 
The percentage decrease in tensile strength, with a 
given percentage increase in water content above optimum, 
is more in a low plastic soil compared to that of a soil] 
with high plasticity. Hence the addition of highly: 
plastic bentonite to a low plastic till aids in achiev- 
ing the required flexibility without much reduction in 
the tensile strength. 

(2) Rate of loading has considerable effect on the tensile 
stress and strain at failure. From the results obtained 
on Mica Till and from those reported by Tschebotarioff 
et al. (1953) and Narain (1962) there appears to exist, 
forecompacted $0115, a critical rate of loading that 
mobilizes the minimum tensile stress and strain at fail- 
ure. A knowledge of the critical rate of loading is use- 
ful in obtaining the minimum tensile strain at failure 
for a given soil at a given water content. 

(3) An increase in compactive effort decreased the flexibi- 
lity and increased the tensile strength of till when the 

water content is well below the Proctor optimum. For 
water contents near and above the Proctor optimum the 
tensile strength decreased with the compactive effort. 


For the type of soil tested, over compaction at water 
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contents greater than the Proctor optimum hardly improves 


the tensile strength of soil. 


6.4 Factors Affecting the Development of Tensile Zones 

in Earth Dams During Construction 

The results of a finite element analysis, concerning 
the development of tensile zones in an earth dam during its 
construction depends on the simulation of a number of factors 
in the analysis. To evaluate the influence of different 
factors parametric studies were conducted. From the results 
of these parametric studies the following conclusions are 


offered. 


Greco le ss tep land Incremental Loading 


One of the important factors to be considered in the 
simulation of the construction of an earth dam in the analy- 
sis is the construction step sequence. While a single step 
analysis is simpler and less time consuming than an incre- 
mental analysis, it results in unrealistic displacements 
and exaggerated tensile zones. For a proper simulation of 
the construction step sequence an incremental analysis be- 
comes a necessity. The optimum number of increments needed 
for an analysis is governed by the cost of computation and 
the accuracy of the results required. After a given number 
of load increments, the results become practically insensi- 
tive to further increments. In the case of a three dimen- 


sional analysis, because of its high cost of computation, the 
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limitations on the number of increments becomes more severe 


than a two dimensional analysis. 


6.4.2 Linear and Non-Linear Analyses 
A non-linear analysis, which simulates the non-linear 

stress-strain behaviour of soils, is more realistic than a 

linear analysis. Comparison of linear and non-linear analy- 

ses showed that the tensile stresses obtained by a linear 
analysis are higher than those computed by a non-linear 
analysis. The non-linear behaviour of a soil can be simu- 
lated conveniently in an incremental analysis. A procedure 

to determine the elastic parameters from the laboratory test 

data, converted to a stress invariant form, is suggested. 

The use of this procedure offers the following advantages: 

(1) An assumption regarding the third principal stress is 
not necessary. 

(2) Approximations in representing the laboratory stress- 
strain relationships are eliminated because the experi- 
mental data is supplied in digital form. 

A close agreement between the experimental stress-strain 
relationship and those obtained in the analysis is possible 

if each step is analyzed twice. The “average moduli" approach 


used in the analyses here is found to be satisfactory. 


6043 "NodTenston!tAnalysis 


In an incremental non-linear analysis the tensile 


stresses computed in the zones of tension are of small magni- 
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tude. Hence the local stress redistribution, that occurs 

due to the removal of tensile stresses from the tensile zones, 
does not alter the development of tensile zones computed 
subsequently in the upper layers. As a "no tension" analysis 
involves an iterative procedure considerable savings in the 
cost of computation can be effected in a three dimensional 


analysis by not removing the tensile stresses. 


6.4.4 Three Dimensional Effects 

The plane strain condition, generally assumed in the 
analysis of cracking of earth dams, is satisfied only for 
homogeneous dams with a symmetrical cross section. The non- 
homogeneity of the materials and complexity of the geometry 
of the dam are often the main reasons necessitating a three 
dimensional analysis. Where the material of core differs 
from that of the shell significant errors arise from a two 
dimensional analysis. The tensile stresses are under-esti- 
mated when shell is more flexible than core and they are over- 


estimated when shell is less flexible than core. 


6.5 Control of Cracking by Non-Homogeneous Modelling 


As indicated in Chapter IV (Section 4.9) a considerable 
reduction in tensile stresses is possible by changing the 
placement specifications of the fill in critical tensile 
zones. To derive suitable placement specifications, the 
finite element method can be used to a considerable advantage 


in analyzing the effect of changing the FL eXUD Ly OLeecore 
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in the zones of computed tensile stresses. 


6.6 Applicability of the Analysis of Cracking to a Real 
Structure 


A three dimensional finite element analysis when applied 
to a case study of cracking at Duncan Dam, showed a reasonably 
good agreement between the computed and the observed tensile 
zones. This indicates, with proper simulation of the various 
Factors, (section 6.3)sinuthe analysis, the sfinite element 
method can be used with reliance for the analysis of cracking 
of earth dams during and at the end of their construction. 
Finite element analytical procedure may also be used as a 


design tool to control cracking in earth dams (Section ayers 


6.7 Suggestions for Further Research 

Based on the work presented here, the following further 
research and field studies on deformation and cracking of 
earth dams are suggested: 

(1) The stress-strain relationships used in the analysis 
should be such that they enable a proper simulation to 
be made of the deformational behaviour of soil under 
different conditions of loading. To obtain such stress- 
strain relationships suitable laboratory test procedures 
should be evolved. A theory, which also considers the 
dilatancy effect of soils, is desirable, especially for 
problems involving large strains and failures due to 


shear. 
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Pads) 


The analysis of cracking of earth dams presented here 

‘on Linuted to. the period of construction of dat a lt is 
desirable to consider other critical conditions such as 
the first filling of reservoir and earthquake loading. 
The tensile tests presented give, in broad terms, the 
behaviour of a typical low plastic core material under 
tension. Information obtained by more extensive tensile 
testing on different types of soil is useful in readily 
recognizing the soils susceptible to tensile cracking. 
In addition to obtaining information on the tensile 
behaviour of soils, it is highly desirable that research 
aimed at determining the factors contributing to the 
tensile strength of a soil be conducted. This will pro- 
vide a better insight into the problem of tensile crack- 
ing. 

Effectiveness of different preventative measures, taken 
against cracking and subsequent erosion failure in earth 
dams, should be evaluated. Laboratory tests, aimed at 
determining the erodability of soil through CYaAcKkS acne 
self-healing properties of soil, and the dependability 
of filters in prevention of erosion failures are of 
value. 

Information concerning stresses, deformations, develop- 
ment of tensile cracks, and erosion failures, obtained 
by reliable field observations is of a great value in 
testing the usefulness of the analytical and laboratory 


procedures developed for the analysis of cracking of 
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earth dams. In addition to recording the movements of 
the surface monuments, stress and strain observations 
Should be obtained from the instruments located within 
the suspected, critical zones of tension. Such observa- 
tions greatly contribute to the evaluation of the con- 


ditions responsible for tensile cracking. 
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APPENDIX A 


COMPUTER PROGRAM FOR TWO DIMENSIONAL 
FINITE ELEMENT ANALYSIS 


Amie CODE 


This appendix contains a description of the computer 
program used for two dimensional finite element analyses and 


a listing of the program. 


A.2 Language, Code and Limitations 
Language. The computer program presented here was 


written in FORTRAN IV language and run on an IBM 360/67 com- 
puter with an MTS operating system at the University of 
Alberta, Edmonton. 
GOdcominee tL LLG OTe (hemcOcemiSmhin Lear Lenence hove 
Linear Analysis in Two Dimensional Problems (FENA2D). 
Limitations. The program in the present form can handle 


a problem less than or equal to the following size: 


Number of elements = 400 
Number of nodes , = 250 
Number of read elements = 150 
Number of read nodes = 250 
Number of boundary nodes = 50 
Number of materials = 5 


Number of cell pressures 
at which triaxial data is 
supplied = 10 
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Number of axial strain 

potnts at which triaxial 

data is supplied = 20 
If the size of a problem exceeds the above limits the dimen- 
Sions have to be increased accordingly. The minimum required 


dimension for eacn array is given in A.4.1. 


A.3 Development and the Main Features of Program 


The program in its original form was developed by 
E.L. Wilson (University of California, 1962) to perform a 
two Hime Wsrednalaeaini ve element analysis either for plane 
strain or plane stress condition using constant strain tri- 
angular elements. The analysis had to be linear and the loads 
were to be applied in a single step. The equations of equili- 
brium were solved by Gauss-Seidel iterative procedure. 

Z. Eisenstein (University of Alberta, 1969) added to 
the above program the automatic generation of nodes and ele- 
ments. The author (1970) modified the program to its present 
form, given in the listing, to perform, in addition to the 
linear single step analysis, a non-linear two dimensional 
analysis in a number of steps with an option to analyze each 
step once or twice. An option for a "no tension" analysis is 
possible. A facility to generate a uniform element pattern 
(detailed in A.5) in addition to the existing generation of 
non-uniform pattern is available. 

The program consists of a Main and a Subroutine called 
TESTD. Only the main features of the program are given below 


since a detailed description appears in A.5. 
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The input data regarding elements, nodes, boundary condi- 
tions, type of generation, number of materials and type 
of analysis are read. 


The nodes and elements are generated in the prescribed 


manner and the appropriate elastic parameters are assigned 


to each element. In the case of a non-linear analysis the 


triaxial test data are converted to the stress-invariant 
form by the subroutine TESTD. The elastic parameters for 
each element are determined from the converted form of 
the test data. The stresses considered for calculation 
of the initial moduli are those corresponding to the "at- 
yestiscondition,. 

The information regarding the number of steps, whether 
each step to be analyzed once or twice, whether "no 
tension" analysis to be performed or not is read. The 
number of elements, nodes and the boundary conditions 
for the particular step are also read. 

The elementastitaness iSyhormedeforealiythe elements.sin 
the particular step, the equilibrium equations are set 
up and solved by Gauss-Seidel iterative procdure. 

The displacements, stresses and strains are computed and 
the elastic moduli are calculated from the test data in 


case of a non-linear analysis. If the step has to be 


repeated once more the “average moduli" are used. “No 


tension" analysis is performed if it is opted for. 
In the multiple step analysis the stresses, strains and 


displacements are accumulated. When a particular step 
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is to be repeated the added stresses, strains and dis- 
placements of that step are deducted from the total 
values before the analysis is repeated with the “average 


moduli". 


A.4 Nomenclature 

In Section A.4.1 that follows the variables that need 
a change in their dimension declaration according to the size 
of the problem are designated by parentheses after the vari- 
able name. The description and the minimum required size of 
the variable are also indicated. The variables defining the 


minimum sizes are given as input to the program. 


PyaGaly \Description andsoiz26,0f Wariab.les 


Minimum 
Size When 
Name Description Applicable 
ACOEF( ) Shear strength parameter associated (NUMAT ) 
with cohesion given by 2c cos $/ 
(l-sin 9) 
AJ( ) X-distance between nodes i and j of (NUMEL ) 
an element 
REC) X-distance between nodes i and k of (NUMEL ) 
an element 
BCOREG.} Shear strength parameter associated (NUMAT ) 
with 04 given by 2 sin $/(1-sin 96) 
BJ( ) Y-distance between nodes i and j of (NUMEL ) 
an element 
BRK) Y-distance between nodes i and k of (NUMEL ) 


an element 
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Minimum 
Size When 

Name Description Applicable 

CORDA) Coefficient of thermal expansion (NUMEL ) 
assigned for each read or gene- 
rated element 

COEDR( ) Coefficient of thermal expansion (NUREL ) 
assigned for each read element 

CONFAC Conversion factor used to convert 
the triaxial test results to the 
units in which analysis is performed 

Se) Displacement in X-direction given (NUMNP ) 
as input for already generated nodes 

DSXQ(_ ) Total displacement in X-direction (NUMNP ) 

DSXR(_) Displacement in X-direction given (NURNP ) 
as input only for read nodes 

DS Yi) Displacement in Y-direction given (NUMNP ) 
as input for already generated nodes 

DSYOX 4} Total displacement in Y-direction (NUMNP ) 

DSYR(_) Displacements in Y-direction given (NURNP) 
as input only for read nodes 

Dati) Temperature change in a read or (NUMEL ) 
generated element 

DER’) Temperature change in a read element (NUREL ) 

EBREAD( ) Bulk modulus read for each material (NUMAT ) 
type 

EBULK( ) Bulk modulus assigned for each (NUMEL ) 
element — 

EMAX( ) Percent maximum principal strain in (NUMEL) 
each element 

EMIN( ) Percent minimum principal strain in (NUMEL ) 

each element 

“ERKV() ) Percent total X-strain in each ele- (NUMEL ) 
ment 

EPYV( ) Percent total Y-strain in each ele- (NUMEL ) 


ment 
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Name 





ESHEAR ( 


ESREAD( 


Bie) 


ETR() 


GAMV(_ ) 


GOCT( ) 


HEAD( ) 


TANLYS 


IGEN 


NANLYS 


) 


) 


Description 


Shear modulus assigned for each 
element 


Shear modulus read for each material 
type 


Young's modulus assigned for a read 
or generated element 


Young's modulus assigned for a read 
element 


Total percent shear strain in each 
element 


Percent octahedral shear strain 
Heading for the identification of 
the problem 

Code to identify whether the analy- 
SlsmtserOrewotanc stress Or Tor=prane 
strain condition 

Code to identify whether the element 
generation is of uniform or non- 
uniform pattern 


Code to identify whether a step is 
to be analyzed once or twice. 


Code to identify whether "no ten- 
sion" analysis is to be performed 
or not 

Element or nodal number 


Material number assigned to each 
element 


Number of elements to which material 
number other than 1 is to be assigned 


Element or nodal number 


Code to identify whether the analysis 
is linear or non-linear 


Minimum 
Size When 
Applicable 
(NUMEL ) 
(NUMAT ) 
(NUMEL ) 
(NUREL ) 
(NUMEL ) 
(NSTRN, 


NCELP ,NUMAT ) 
18 


(NUMEL ) 
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Name 


NAP( ) 


NBOUN 


NCELP 


NCPIN 


NCYCM 


NFIX( ) 


NLOAD 


NOBSET 


NOPIN 


Description 


A vector to store the adjacent 
nodal points from a given node 


Number of nodes at which the bound- 


ary displacements are specified 


INeasparcicul 


are step 


Number of confining pressures at 
which triaxial test data is supp- 


lied as input 


Cycle interval for the print of the 


force unbalan 


ce 


Maximum number of iterations per- 


mitted in one 


Code to indicate the type of bound- 


cal GD 


ary displacement conditions pre- 


scribed 


Number of nodes at which the loads 


are specified in a particular step 


Number of sets 


the overburde 


Cycle interva 
placements an 


A vector used in the process of in- 


1 afior sbhies print’ ofa ditse 


of elements for which 
n factor is prescribed 


d stresses 


version of nodal point stiffness 


and modification of boundary flexi- 


Daglanewy 


Nodal number 
boundary disp 


Nodal number 
or generated 


Nodal number 
element 


Nodal number 
or generated 


Nodal number 
element 


at which 
lacement 


for node 
element 


for node 
for node 
element 


for node 


the type of 
is specified 
i of a read 
i of a read 


j of a read 


j of a read 


Minimum 
Size When 
Applicable 


(NUMNP ) 


(NUMBC) 


(NUMNP,10) 


(NUMBC) 


(NUMEL ) 


(NUMER) 


(NUMEL ) 


(NUMER) 


oA 
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n a asted 
‘S637 TQaQA 


(T4mMuH) 


(3 EMUM ) 


(Of. IMMUN) 


(2aMuy ) 


(J3MuA) 






> 7 
i). 
7 







gorigitz290 


tnsc6ibs aaj svote of yvotoevuA 
sbon nsvip 6 mont 2tntoq Teboa 


-bavoed oft fotdw ys 2eboq to wsdeoH 
bsrtfosq2e sis etnemessaiqetbh vas 
gote wslwuotived 6 AFT 


$6 2ovuez2stq pritaltmes to tedmun 
-Qque 2? si6b test Terxerat aoiraw 
Juqnt 26 berf 


sig to Inivg sdt vo? levestnt sfayd 
soastaday ao%07 


isvstF To veadmun mumixeM 
qave sno nf betifta 


-"8q 2n0T 


-bnuod to 9gve ant steafbat af shod 
~91q enokitbnos insmsosigaerh yte 
bediy32 


2b60!/ srt dofdw 36 esbon Yo. radmul 
qsi2 asfuatsieg 6 1f betttioege evs 


iw 10? 2tnemels to 2tse to tedmauit 
bediyo2e1q ef. 10t267 nsbiwdtavo |ahs 


-2fb to snitq SAI YOt leviernt.sfay) 


eszeo1t2 bis 2inemsos5ig 


“nf to 2e9n0%1 ant nf. beey yvotasv A 
e2anttit2 Intoq Tsbon to noterey 
-txelt ywrsbnuod Yo nottsolttbom bas 
. yiitid 


to Says sat doidw d6 vedqua [sbok 
befttosqe 2f tnemsoelgeth yrsbavod 


bseoy 5 to ft shon +9? r8dmuq [ebor 
inemefs betstenep to 











Cres dint hal 


























{SAK 


 muogA 
i300 


AIqGOn 
MOYOK 


( )XIqK 


GAGJH 
TI2a0n 
AIGOW 


( 340 


< i 7 


( )aqw 
- 







BORG cAdty sbon vo? > insets Cn 
Biers 7 #e4; ‘ wt _ 


fpr em aboo rot sodaua.{sboll 





Minimum 
Size When 
Name Description Applicable 
NPK( ) Nodal number for node k of a read (NUMEL ) 
or generated element 
NPKR(_) Nodal number for node k of a read (NUMER) 
element 
NPNUM(_) Nodal number of the read or generated (NUMNP ) 
nodes 
NPNUR( ) Nodal number of the read nodes only (NURNP ) 
NSET Number of elements excluding the 
one read for which the same over- 
burden factor has to be assigned 
NSTEP Number of steps for the analysis 
NSTRN Number of axial strain points at 
which the triaxial data is supplied 
NTENS Code to identify whether shear fail- 
ure is to be considered or not 
NUMAT Number of material types present in 
the given problem 
NUMBC Number of boundary points at which 
displacements are prescribed in the 
problem 
NUMBCS Number of boundary points at which 
displacements are specified in the 
step considered 
NUME(_) Element number for read or generated (NUMEL ) 
elements 
NUMEL Number of elements in the problem 
NUMELS Number of elements in the step con- 
sidered 
NUMER(_) Element number for read elements only (NUREL) 
NUMNP Number of nodal points in the problem 
NUMNPS Number of nodal points in the step 


considered 


NUREL Number of read elements 
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ROR( ) 


ROREAD ( 


SD( ) 


SIGINT ( 


SIGINV( 


) 


) 


) 


Description 


Number of read nodal points 
Overburden factor 


Angle of inclination in degrees of 
the major principal stress with x- 
axis in an element 


Density of the material in read or 
generated elements 


Density of the material in read ele- 
ments only 


Density of the material read for 
each material type 


Deviatoric stresses read from test 
data 


A vector used in the coversion of 
data from triaxial form to stress 
invariant form 


A vector used in the coversion of 
data from triaxial form to stress 
invariant form 


Number of triaxial cell pressure 
values at which data is supplied 


Slope of the boundary along which 
a boundary point moves 


Number of percent axial strain va- 
lues at which triaxial data is 
supplied 


Vector used in the inversion of 
stiffness 


Vector used in the inversion of 
stiffness 


Vector used in the inversion of 
stiffness 


Vector used in the inversion of 
stiffness 


Minimum 
Size When 
Applicable 


(NUMEL) 


(NUMEL ) 
(NUREL) 
(NUMAT ) 
(NSTRN, 
NCELP,NUMAT ) 
(NCEP: 


NUMAT ) 


(NSTRN, 
NCELP,NUMAT) 


(NCELP, 
NUMAT ) 
NUMBC 


(NSTRN, 
NUMAT ) 


(NUMNP ,9) 


(NUMNP ,9) 


(NUMNP ,9) 


(NUMNP ,9) 
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Minimum 
Size When 
Description Applicable 
A vector used to identify the nodes (NUMNP ) 
at which displacements are specified 
A vector used to identify the nodes (NUMNP ) 
at which loads are specified 
Thermal stress in an element (NUMEL ) 
Octahedral shear stress (NSTRN, 
NCELP ,NUMAT ) 
Volumetric strain obtained from (NSTRN, 
tri ax ala@tesit NCELP,NUMAT ) 
A vector used in the conversion of (NSTRN, 
the triaxial test data to stress NCELP,NUMAT ) 
invariant form 
Maximum principal stress in an (NUMEL ) 
element . 
Minimum principal stress in an (NUMEL) 
element 
X-load at read nodes only (NURNP ) 
X-load at read or generates nodes (NUMNP ) 
X-coordinate for read or generated (NUMNP ) 
nodes 
X-coordinate for read nodes only (NURNP ) 
Poisson's ratio assigned to read (NUMEL ) 
or generate elements 
Poisson's ratio assigned to read (NUREL) 
elements 
Total shear stress in an element (NUMEL) 
Total x-stress in an element (NUMEL) 
Y-load at read nodes only (NURNP ) 
Y-load at read or generated nodes (NUMNP ) 
Y-coordinate for read or generated (NUMNP ) 


nodes 


(9MMUN ) 
(SHMUH ) 


(J3mMuM ) 
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( JMU) 
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(9AMUM) 
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(23MuUn ) 
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Minimum 

Size When 
Name Description Applicable 
YORDR(_) Y-coordinate for read nodes only (NURNP ) 
Ae ®) Total y-stress in an element (NUMEL ) 


Deon Gelata se rocedune 


A.4.1 has to be referred for the explanations of the 
name of variables used in this section. 
(1) Control cards (Number of Cards = 2) 

(ae Card As (1 8A4)) 


1-72 HEAD Litlemcard=tonidentimwication of 
the problem 


(Dey Candie (91 5.) 


1-5 NUMEL 
6-10 NUREL 
11-15 NUMNP 
16-20 NURNP 


21-25 NUMBC 
25-30 NUMAT 


31-35 NANLYS Equal to zero for linear analysis; 
equal to 1 for non-linear analysis 


36-40 IANLYS Equal to zero for plane strain analy- 
SiS: sequal to efor plane stress 
analysis 


41-45 IGEN Equal to zero for non-uniform pattern 
of generation of element; equal to 1 
for uniform pattern of generation of 
elements. The patterns are given below. 


Uniform Pattern: 


raved 


3 
“ 


eT mrottay | 
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Non-Uniform Pattern: 


Element data cards (Number of cards = NUREL) (415) 
15 NUMER( ) 

5-10 NPIR( ) 

11-15 NPJR( ) 

16-20 NPKR(_) 


Example for uniform element pattern generation: 





The element numbers have been circled. To generate the 
above mesh pattern it is necessary to supply the informa- 
tion regarding the first and the last element in each 
row. Here for example elements 1, 10, 11 and 20 are to 
be read in. The nodes i, j and k for these elements are 


to be given in the anticlock wise direction as shown below: 


Name of Element Node i Node j Node k 
1 | 2 1 7 
10 6 11 12 
1] 8 7 13 
20 he 17 18 


NUREL for this example is 4 and NUMEL is 20. 


= 
fF JAMUM bas > 2t sfqmoxe 2tit yo? JaAum 
soe i ay VW P 7 —— 
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Example for non-uniform element pattern generation: 


First Row 


Second Row 





The element numbers have been circled. To generate the 
above mesh pattern it is necessary to supply information 
regarding the first and last elements in the first row 
and the first three lements and the last element in the 
second row. This is due to the difference between the 
orientation of the element 11 and the element 1. The 
following gives the nodal data to be supplied in the 


anticlock wisé-direction. 


Name of Element Node ji Node j Node k 
] 2 ] 7 
10 6 if Ik 
1) | 7 13 14 
12 / 14 8 
ie 9 8 14 
20 1] 18 tz 


NUREL for this example is 6 while NUMEL is 20. 
‘The intermediate elements will be assigned the same 
values of modulus, density, etc. as those read for the 


end elements. 
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Nodal data cards (Number of cards = NURNP) (15,4F10.0, 
2F12.8) 


1-5 NPNUR( ) 

6-15 XORDR( ) 

16-25 YORDR( ) 
26-35) XLDR\) 
56-05 ¥ LDR.) 
46-57 DSXR( ) 
58-69 DSYR( ) 
When the intermediate nodes between the two extreme nodes 
are equally spaced in one coordinate direction with the 
distance in other coordinate direction being the same, 
the intermediate nodes are generated with equal distances 
between them, each distance being equal to the total dis- 
tance between the extreme nodes read divided by the differ- 
ence between the nodal numbers. The intermediate nodes 
are assigned the proper nodal numbers. The other quanti- 
ties like displacements, loads, etc. for the intermediate 
nodes will be the same as those read for the extreme nodes. 
Boundary point displacement cards (Number of cards = 
NUMBC)  (215.F8.3) 

1-5 NPB( ) 

C10) Nee) 

Ti Vc" SEGPE ( ”) 


The following codes have been used to define the mode 


of displacement at a given boundary point. 


(7) 


(8) 


, Sloping 
x-direction y-direction Boundary NEIX SCLOREL ) 
Zero Zero 0 0 
displacement displacement 
Zero ] 0 
displacement 

Zero eC 0 


displacement 


Free to move 
along a slop- C tan 0 
ing boundary 


y, 


2 ek 


Sloping boundary is as shown: 
“Ns loping boundary 


Material type generation card (1 card) (15) 

1-5 MATN If there is only one material a blank card is 
required and the material number cards given 
in (6) below are omitted. All elements are 
automatically assigned a material number equal 
to «1 

Material number cards (Number of cards = MATN) (215) 

1-5 M Element number 

6-10 MAT(M) Assigned material number 

Material properties cards (Number of cards = NUMAT) (5F10.0) 

1-10 ROREAD( ) 
11-20 EBREAD( ) Normally assigned in a linear analysis 
21-30 ESREAD( ) Normally assigned in a linear analysis 


31-40 .ACOEF (__) Needed if shear failure has to be 
considered 


41-50 BCOEF( ) Needed if shear failure has to be 
considered 


Overburden, factorm.control,.cand (1,,carnd,)) (15,) 


1-5 NOBSET If the analysis is linear NOBSET= 0 and (9) 
is omitted 
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Overburden factor cards (Number of cards = NOBSET) 


(215,F10.0) 
1-5 M Element number 
6-10 NSET 


1-20 OBFAGI®) Tosbe’givensonly if value~ijs not equal 
to one. 


The following example provides an explanation for (8) 


and (9). 


3 density of material 
for elements 29 to 34 


V5 density of material 
for elements 17 to 28 


Yy density of material 
for elements 1 to 16 


When a non-linear analysis has to be performed for gravity 
loaded structures the initial moduli are computed for 

each element considering the. overburden pressure at the 
mid height of the element. In the sketch shown above 
there are 34 elements to be considered in a particular 
step. The overburden pressure at the mid height of a 
certain element say 16 is (y;hi/o + Yon, + Yh) where 
¥71.29Y5 and Y3 are the densities of the materials and hy> 
he and hy are the heights as shown. Now the overburden 


factor can be defined for the element 16 as follows: 


— OBFAC(16) = (y hy /5 + Yoho + yghs)/(y,hy/>)- 


If for example hy = hs = hy = h and Ba ace aia then 
the overburden factor control card and the overburden fac- 


tor cards will be as given below. 
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NOBSET = 3 
M  NSET  OBFAC(M) 
5 5 3.0 
im 5 5.0 
23 5 3.0 


OBFAC(M) = 1.0 is automatically set in the program and 
hence need not be supplied in the data. In the present 
example elements 1 to 4, 17 to 22 and 29 to 34 will have 
an overburden factor equal to unity. 
lgtaxidale test datascontrol card (1 card). {(215.F10.0) 

1-5 NCELP 

6-10 NSTRN 

11-20 CONFAC 

If the analysis is linear a blank card for (10) has to 
Dersubs tittuted? andet1 1920 12)828 (A898 are tol be omitrveds 
Cell pressure card (1 card) (10F5.0) 

If the test results are to be supplied say at 0, 5, 10, 


30 and 40 psi cell pressure values, the input is as 


follows: 
1-5 0.0 
6-10 5.0 
Neale 10.0 
16-20 30.0 
ey Aer 40.0 


Axial strain and deviatoric stress cards (Number of cards = 
NSTRN) (11F5.0) 


Each card will have the axial strain punched in the first 
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(14) 


five columns and the deviatoric stresses corresponding 

to the various cell pressures (given in (11)) at that 
particular axial strain are punched in the subsequent 
columns. 

Axial strain and volumetric strain cards (Number of 

cards =8NSTRN) "ie5. 0) 

Each card will have the axial strain punched in the first 
five columns and the volumetric strain corresponding to 
the various cell pressures (given in (11)) at that parti- 
cular axial strain are punched in the subsequent columns. 
Volume expansion has to be neglected while giving the 
volumetric strain input. 

Option for "no tension" analysis (1 card) (15) 


1-5 KOPT Equal to zero when "no tension" analysis is 
not needed and equal to one when it is needed 


Option for analyzing each step once or twice (1 card) (15) 
1-5 ITOPT Equal to zero for analysis once and equal 
to one for analysis twice. If the analysis is 
linear ITOPT = 0. 
Number of steps and option for consideration of shear 
Faivurew card) °C715)) 
1-5 NSTEP For a single step analysis NSTEP = 1 


6-10 NTENS If shear failure is to be considered NTENS = 
1, otherwise NTENS = 0 


Nodaleloads contra! card (1 card). (15) 

1-5 NLOAD If NLOAD is equal to zero (18) is omitted 
Nodal loads specified in the step considered (Number of 
Cards. =) NLOAD) (15 e2F 10) 0) 

1-5 N Nodal number 

6-15 YLOAD(N) 
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(20) 


16-25 XLOAD(N) 
Nodal displacements control card (1 card) (15) 

1-5 NBOUN If NBOUN is equal to zero (20) is omitted 
Nodal displacements specified in the step considered 
(as many as the number NBOUN) (1I5,2F10.0) 

1-5 M Nodal Number 

6-15 DSY(M) 

16-25 DSX(M) 


Output of Results 


The following results are obtained as output: 


The complete nodal and element data with the initial 


values of the elastic parameters assigned to each element. 


Cumulative nodal displacements, element stresses, and 
strains for each step of the analysis. 

Element principal stresses and strains for each step of 
the analysis. 

Elastic parameters assigned to each element in each step 


of the analysis. 


Listing of Program 


A listing of the two dimensional program follows. 
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TwO DIMENSIONAL FINITE ELEMENT PROGRAM WITH CONSTANT STRAIN TRIANGULAR 
ELEMENTS OF 6 DEGREES OF FREEDOGM FOR EACH ELEMENTePLANE STRAIN STRESSe 
LINEAR/ NONLINEAR « SINGLEZ MULTIPLE STEP ANALYSIS (WITH OPTION FOR 


REMOVAL OF TENSILE STRESSES) CAN BE PERFORMED. 


ORIGINAL PROGRAM DEVELOPED BY Eel eWILSON (UNIVERSITY OF CALIFORNIA, 1962) 
PROGRAM MOOIFIED BY ZeEISENSTEIN (UNIVERSITY OF ALBERTA+1969) AND 


AeVeGe KRISHNAYYA (UNIVERSITY OF ALBERTA. 1970) 


MAIN PROGRAM 


DIMENSION ANO COMMON STATEMENTS 


DIMENSION EBULK( 400) es ESHEAR( 400) eOBFAC( 400) +eHEAD(18) 6 

1D0SX(250) eDSY( 250) eXLOAD( 250) e VLOAD( 250) »eNP( 250010) eSXX( 25009) 
2SXY (25009) eSYX( 25009) eo SYY (25009) eNAP( 250) ePA( 400) 6 
3NPNUR (250) »XORDR( 250 ) eYORDR( 250) « XLOR(250) eYLOR( 250) sOSXR(250 D> 
4DSYR(250) e TAD( 250) oMAT( 400) o TAL( 250) o ET( 400). 
5XU(400)+RO( 400) sCOED( 400) eDT( 400) » THERM(400) sAJ( 400 De 

6BJ( 400) » AK( 400) eBK( 400) eGAMV( 400) » 

7SLOPE(50) eNUMER (150) oe NPIR(150)»NPJR( 150) eNPKR( 150) sETRO150) 6 
8 ROR(150).XUR( 150) eCOEDR( 150) eDTR( 150) eNPB( SO) sNFIX(50)oLM(3 de 
9A(606) 086606) 0S( 606) 6 THETA SO) 

COMMONZ AREAI/SXX eo SXV oS¥Xe SVY 


COMMONZ AREA2/ 

1 XORD( 250) +e YORD( 250) «NPI (400) eNPJ (400) »NPK( 400)» NPNUM(250 ) o 
1NUME (400) eNUMNP oe NUMEL 

DIMENSION OSXQ( 250) ,0SYQ(250) > XV (400) 


1YV(400) oXY¥V(400) eo EPXV(400 ) eEPYV( 400) sXMAX (400) oXMIN( 400) sEMAX( 400) 
2eEMIN( 400) 

COMMONZ AREA3Z/ 

1 ST (20 05) oSL( 2025) 2S0( 2001065) eVS( 2001005) eNUMAT » 
2NCELP.»CONFACeNSTRN 

DIMENSION ROREAD( 5)ceEBREAD( S)eESREAD( 5)eACOEF( 5)+BCOEF( 5S) 


READ PROBLEM CONTROL CARDS 


150 READ(5.100) HEAD 


WRITE(6099) 
WRITE(6+100) HEAD 
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62 READ (5+ 1 )NUMEL e NUREL « NUMNP ¢ NURNP ¢ NUMBC »e NUMAT eNANLYSe IANLY Se I GEN 
63 WRITE(6+101)NUMEL 


64 WRITE (6.825) NUREL 

65 WRITE(6-102)NUMNP 

66 WRITE(6+824)NURNP 

67 WRITE(6¢103) NUMBC 

68 WRITE (6¢2000) NUMAT 

69 

70 c 

Lal c READ FLEMENT DATA 

tre (S 

Us) Cc 

74 READ (5+9) (NUMER(N) eNPIRON) eNPIR(N)D ¢NPKRON) eN=1 eNUREL ) 
ts) 

76 

77 Cc READ NODAL DATA 

78 Cc 

79 Cc 

80 REAOD(S.3) 

81 1 (NPNUR (M) «¢ XORDR(M) » YORDR(M) oXLDR(M) eYLDR(M) » 
82 20SKR(M) eOSYR(M) oe M=1 »e NURNP) 
83 G 

84 Cc GENERATION OF NOT READ ELEMENTS 
65 G 

86 DO 161 N=1,.NUREL 

87 M=N41 

88 IF(M—NUREL) 1€221€2.163 
89 162 I[=NUMER(M) -NUMER(N) 

90 IF( 1-1)1€3,163, 164 

91 164 L=NUMER(N) 

92 NPA=NPIR(N) 

93 NPC=NPKR(N) 

94 K=0 

95 KO=2*K ¥ 
96 KE=1 

97 IO=I+41 

98 IFC IGENeEQ@e-0) GO TO 3000 
99 00 3166 yO=1.10 

100 J=JO0-1 

101 LJ=L+J 

102 NUME(LJ)=NUMER(N) 4J 

103 1F(2-KE) 3168.3168, 3167 
104 3167 NPI(LJJ=NPA4KO 

105 NOPJ(LI)=NPA-14KO 

106 NPK (LJ) =NPC+KO 

107 GO TO 3174 

108 3168 NPI (LJ)=NPA+KO 

109 NPJ(LI) =NPC#KO 

110 NPK (LJ) =NPC+14+KO 

111 K=K41 
112 KO=K 

113 KE=0 

114 3174 ET(LIJ)J=ETRI(N)D 

115 RO(LJ)=RORI(N) 

116 XU(LJI)=XUR(N) 

117 COED(LJ)=COEDRIN) 

118 OT(LI)I=DTRON) 

119 KE=KE+1 

120 3166 CONTINUE 


121 GO TO 161 










@ 
7 
2 , SV SHAM + 14 MU, SEU ¢ THU SMe SIR t¢ thane s 5 
WED Ly 2vIHATS 24S ln teeioeunette | ‘ _ 
Jee. Ob gT IAS” : mo 
SHMMONGT ae 
. tose. Tio ' ao 
Sonungee | Lava tee Md 
TAMUM (0006<4237 tw ao 
adele > |) 
>> oon 
area Ywaess9 aaga, 2°” i 
» oy av 
2 ef 
(jain, (ew, (HBAs CHIOV. (MIATA, 1) MID Ee ee) OAR he av 
“et! (QF 
/ af 
AtAG (COW GAS 2D <t 
>) © 
> et ip 
if 22043" oo 
(4 gNGI ye Of )@0Ur, (MD RGROY. (8) R000¥ «MPF ; t - 6 : 
(248 UM. £4, PAP RVSGe (HP RAZOS se 
2 ca 
2Twamas3 G49" TOM 40 HO? tamanso >° 
- ea 
Ja», tev lat oO oa 
doen ‘'s 
rot eG>t, 29) flaBRUR—e Nt / 
(Ww) Raekie TR TASMUMeI Sal ~oo 
Asi sel eES/0i-1 951 7 oe 
ipledeunes soi ie 
(O72 19H 2A9" ae 
ee a c 
Orn ae 
neG¢=OX ee 8 
1*28 oe 
j+te01 7° 
GOOC OF GR 1-03 -HRDT DAT _ 
Oi,is@l aore col ee 
1-OL=L a oor 
teams sah 1o8 
oC) oie fb) oat . bn 7 
: 


: 


TORE WOK, BOIL 13-597) 7 
finarnte a Tale 

j as eS 
: OMessHetL sea” 

: atic OF D8 
Jism pare 
Onergvete saw 
Ose pM gs ie = 

7 one 


xeOnN 
of 
a) 


122 3000 O00 166 JO=1.I10 


123 J=JO0-1 

124 LJ=L+J 

125 NUME(LJ)=NUMER(N) J 
126 IF (2-KE) 169. 168.167 
127 167 NPI(LJI)=NPA+KO 

128 NPJ(LJ)=NPA-1+4+KO 
129 NPK(LJ)=NPC+KO 

130 GO TO 174 

rst 166 NPI(LJ)=NPA+KO 

2 NPJ(LI)=NPC+KO 

133 NPK (LJ) =NPC+14+KO 
134 GO TO 174 

135 169 IF(3-KE) 17251712166 
136 171 NOT (LI )=NPA+KO 

137 NPJ(LIJ=NPC+14¢KO 
138 NPK (LJ) =NPC+24KO 
139 GO TO 174 

140 172 NPI(LI)I=NPAtKO 

141 NPJ (LJ) =NPC+2¢K0 
142 NPK(LJ)=NPA414KO 
143 K=K+1 

144 KO=2*K 

145 KE=0 

146 174 ET(LJI=ETRIN)D 

147 RO(LJ)=ROR (ND) 

148 XU(LJ)I=XURCND 

149 COED(LJ)=COEDRIN) 
150 DT(LJI=OTRIN) 

151 KE=KE+1 

152 166 CONTINUE 

153 GO TO 161 

154 163 L=NUMER(N) 

155 NUME (L.)=NUMERON) 
156 NPI (L)=NPIRO(N) 

157. NPJCLI=NPIRON)D 

158 NPK(L)=NPKRON) 

159 ET(LI=SETR(N)D 

160 RO(L)=RORO(N) 

161 XU(L) =XUR(N) 

162 COEO(L)=COEDRIN) 
163 OT(LJ=OTRIN) 

164 161 CONYINUE 

165 c 

166 (c 

167 G GENERATION OF NOT REAO NOOAL POINTS 
168 (€ 

169 OO 151 M=1+eNURNP 
170 N=M41 

171 IF (N-NURNP) 152¢152+186 
172 152 I=NPNUR(N)-—NPNUR OM) 
173 GO TO 154 

174 186 1[=0 

175 154 L=NPNUR(M) 

176 10=1+¢1 

177 DO 156 JO=1.10 

178 J=JO~-1 

179 LJ=L+J 

180 NPNUM (LJ) =NPNUR (MD) +5 


181 TFCI-O0O) 168+188e189 
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182 188 XORD(LJ)=XOROR(M) 


183 YORD(LJ)=YORDR(M) 

184 GO TO 191 

185 189 XORD(LJ)=XOROR(M) +((XOROR(N)I-XORDR(M) )/1)*J 
186 YORD(LIJ)=VYORDR(M) €( CYORDROCN)I-YOROR(M) D/1)*J 
187 191 IF(J-0) 15861580159 

188 159 TF(J-I) 15761535156 

189 158 XLOAD(LJ)=XLDR(M) 

190 YLOAD(LJ) =YLDR(M) 

191 DSX(LJU)=O0SXR(M) 

192 DSY(LJ)=DSYR(M) 

193 GO TO 1586 

194 153 XLOAD(LJI)=xXLORON) 

195 YLOAD(L J) =YLOR(ND 

196 DSX(LJ)#DSKROND 

197 OSY(LJ)=DSYR(N) 

198 GO TO 156 

199 157 XLOAD(LJ)=0 

200 YLOAD(LJ) =0 

201 DSX(LJ)=0 

202 DSY(LJ)=0 

203 156 CONTINUE 

204 151 CONTINUE 

205 c 

206 C INITIALIZE TOTAL DISPLACEMENTS ANO STRESSES AND STRAINS 
207 606 DO 10 J=1»+.NUMNP 

208 DSXQ(J)=0.0 

209 OSYQ(J)=0-0 

210 10 CONTINUE 

211 DO 11 J=1.+NUMEL 

212 XV(J)=06 

213 YV(J)D=06 

214 XYV(J)=O06 

215 EPXV(J)=06 

216 EPYV(J)=0.6 

AT 11 CONTINUE 

218 WRI TE(60111) 

219 WRITE(60109) (NPNUM(M) » XORD(M) eVYORO(M) sXLOAD(M) 6 YLOAOD(M) » 
220 1O0SX (M) eOSV¥(M) oe M=1 6 NUMNP) 

221 Cc 

222 c 

223 C READ BOUNDARY CONDITIONS. 

224 c 

225 c 

226 ‘ READ(5¢4) (NPB(L)oNFIX(L)» SLOPE(L) > L=1.»NUMBC) 
227 c 

228 c 

229 WRITE(6-112) 

230 WRITE (604) (NPB(L) NF IX(L)»SLOPE(L) > L=1.+NUMBC) 
231 C ASSIGN PROPER MATERIAL NUMBER IF NECESSARY 

232 DO 854 I=1.+NUMEL 

233 854 MAT(I)=1 

234 READ(5+6) MATN 

235 IF(MATNeEQGe0) GO TO 56 

236 00 55 I=1+MATN 

237 55 READ(5+20) Me MAT(M) 

238 c 

239 C ACOEF=2 -C¥*¥COS(PHI )/(16-SINC(PHI )) » BCOEF=2 e*SIN( PHI)/(1-SIN( PHI )) 
240 ie 

241 (© 
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242 C READ MATERIAL PROPERTIES. 


243 Cc 

244 (S 

245 56 00 850 1=1+eNUMAT 

246 READ(5+ 2010) ROREAO(1I)+EBREAD(1) + ESREAD(I) »ACOEF( I)» BCOEF(I) 
247 WRITE(6¢2020)ROREAD(I )e EBREAD( I)» ESREAD(I )» ACOEF(I )» BCOEF(I) 
248 850 CONTINUE 

249 OO S57 N=1.NUMEL 

250 IT=MAT(N) 

251 RO(N)=ROREAD(I) 

252 EBULK(N)=EBREAD(T) 

253 ESHEAR(N)=ESREAD(I) 

254 OBF AC(N)=1.0 

yMehsi S57 CONTINUE 

256 (Se 

257 Cc 

258 C READ OVERBURDEN FACTOR 

259) (E 

260 c 

261 READ (506) NOBSET 

262 IF(NOBSETeEQ-0) GO TO 48 

263 OO 771 1I=1+eNOBSET 

264 READ (5-753) MeNSET «OBFAC(M) 
265 IF (NSETeEQe0) GO TO 771 

266 DO 772 J=1.NSET 

267 M=M+1 

268 772 OBFAC(M) =OBFAC( M1) 

269 Tene CONTINUE 

270 Cc 

271 Cc 

ere C READ TRIAXIAL TEST DATA CONTROL CARD. 
273 € 

274 Cc 

en 48 READ(5+2021) NCELP.»NSTRNeCONFAC 
276 IF(NCELP2EQ-0) GO TO 44 

277 CALL TESTD 

278 Cc 

rane) Cc 

280 Cc INTERPOLATE INITIAL MODULI FOR ALL ELEMENTS 
281 G 

282 Cc 

283 DO 600 M=1.NUMEL 

284 IF CROC(M) eLEe0-0) GO TO 600 
285 IT=NPI(M) 

286 J=NPJ(M) 

287 K=NPK(M) 

288 Y1=ABS(YORO( 1 )-YORO(J)) 

289 Y2=ABS(YORD(J)-YGRO(K)) 

290 VY3=ABS(YORO(K)-YORO(I)) 

291 DEPTH=0.0 

292 IF(Y¥1e¢GTeDEPTH) DEPTH=Y1 

293 IF(Y¥2eGTeDEPTH) DEPTH=V2 

294 IFC Y3-eGTeDEPTH) DEPTH=Y3 

295 DEPTH=DEPTHZ 2 

296 NCOUNT=0 

297 N=MAT(M) 

298 OBP=DEPTH*RO(M) #OBF AC(M) 

299 AVGSIG=OBP*0 .5 

300 16 NCOUNT=NCOUNT+1 


301 S1GM1=08P 
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302 
303 
304 
305 
306 
307 
308 
309 
= fh Ue) 
311 
312 
313 
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By US) 
316 
mh iz¢ 
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319 
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322 
clas | 
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Sige 
326 
sew 
328 
329 
330 
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Sac 
338 
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346 
347 
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35) 
352 
355 
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44 


SIGM2=AVGSIG 

SIGM3=AVGSIG 
SIGOCT=(SIGM14¢S 1 GM24¢SI1GM3)/36 
SIGIN=SIGM1I*SIGM2*SIGM3 
CONF S=SIGIN/(SIGOCT *€*2) 
OIVOCT=SQRTCCSIGM1I-SIGM2)**2¢(SIGM2-SIGM3)**24(SIGM3-SIGM1 )* #2) 
OIVOCT=DIVOCT/3.4 
00 720 J=1+eNCELP 

JLS=J 

IF ( CONFS-SLOJeND)D 72157200720 
CONTINUE 
CONTINUE 

00 790 K=1+eNSTRN 

JS1=K 

IF COI VOCT-SOC Ke JLS—-1eN)) 7912790790 
CONTINUE 
CONTINUE 
00 50 K=1+NSTRN 

JS2=K 

TE (OI VOCT-SO(KeILSeN)) S1+50050 
CON TINUE 

CONTINUE 5 
PR1=1c061*(VS(JS1e JLS—1 eNI~VS( USI —1Le JLS—1 oN) I/OSTC ISI eNI-ST(JSS1-—1 
N))—-1-0 

IF (PR1e6GTe00649) PR1=0 049 
PR2=1.0618(VS(JIS2eJILS oNJ-VS(JS2-1eJLS eNDISCSTCIS2eNI-ST(JS2—1s 
1N))-1-0 

IFC PR2¢GT 204649) PR2=0249 
PR3=PR1+((PR2-PR1)*( CONFS=-SL(JLS-1 NI) /( SLO JLSe NI-SLOJLS—-16N))) 
IF (PR3eGTe0649 ) PR3I=0249 

CONS T=PR3Z(1--PR3) 

HPR=OBP* CONST 

HPR=(HPREAVGSIG)I/2e 

CSTRS=ABS(HPR-AVGSIG) 

IF(NCOUNTeGEe21) GO TO S2 

IF (ABSCHPR-AVGSIG)eLTe0-01) GO TO S52 
AVGSIG=HPR 

GO TO 18 

WRITE( 69125) MseNCOUNT »sHPReCSTRS oPR3 
OIF1=SD(IS1eJLS—1eN)—-SO(CIS1—1 eJLS—1.0N) 
ETPI=OIFI/SCSTC ISL oNI-ST(CJS1—-1 oN) ) 
GTP1=ETP1/(9-9428*(4 -+PR1 )) 

OIF 2=SD(JS2+JLSeNI-SD( JS2-1 6 JLSoN) 

ETP 2=OIF2/(ST(IS2eN)-ST(JS2—-1 oN)? 
GTP2=ETP2/(C -9428%(1 -+PR2)) 

GTP=GTP1+ (GTP2-GTP1)*(CONFS -SL(JLS~1eN))7( SLC JLSeN)—SL( JLS—10N)) 
GTP=100-*GTP 
EBULK(M)=GTP#2e*(1.64+PRIIS(3e*(1 e-2e¢*PR3)) 
ESHEAR(M)=GTP 

CONTINUE 

IF(NCELPeNE20) GO TO 46 

IF (NANLYSeEQe9) GO TO 46 


- 


46 WRITE(62110) 


PRINT ELEMENT DATA 


WRITE (6»2055) (NUME(N) eNPI CN) e NPICN) eNPK O(N) e EBULK(N) eROCN) » ESHEAR(N 
1). MATO(ND)De N=1.»NUMEL ) 
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362 
363 
364 
365 
366 
367 
368 
369 
370 
371 

372 
373 
374 
375 
376 
377 
378 
379 
380 
361 

382 
383 
384 
385 
386 
387 
388 
389 
390 
391 

392 
393 
394 
395 
396 
397 
398 
399 
400 
401 

402 
403 
404 
405 
406 
407 
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420 
421 


A000,40 


ASAI QaG 


AAA AA 


READ PARTICULARS QF CURRENT STEP. 


761 


READ(S5.6) KOPT 
READ(Se6) ITOPT 
READ(5».20) NSTEPeNTENS 
0O SOO JM = 1ieNSTEP 
READ( 5+ 13) NUMELS e NUMNPS e NUMBC SeNCPINe NOPIN eNCYCMs TOLER + XF ACoL NUM 
NU MEL=NUMELS 
NUMNP=NUMNPS 
NUMBC=NUMBCS 

DO 761 N=1 +eNUMNP 
TAD(N)=0.0 

TAL (N)=0-0 

CONTINUE 


READ BOUNDARY LOADS FOR CURRENT STEP 


READ(5+5) NLOAD 

IF (NLOADeEQe-0) GO TO 4050 

00 4051 I#1+eNLOAD 

READ(5e602) Ne YL GAD(N) eXLOAD(N) 
IF (YLOAD(N) eNE 2020) TAL (NI=200 
IF (XLOADC(N) eNE 0000) TALC N)=120 


4051 CONTINUE 


READ BOUNDARY OISPLACEMENTS FOR CURRENT STEP 


4050 REAOD(5+e6) NBOUN 


601 
41 


LF (NBOUN-EG.0) GO TO 41 

O00 601 N=1i+NBOUN 

READ(52602) MoDSY(M) s0SX(M) 
TF COST(M) eNE«000) TAO(CM)=200 
IF (OSK(M) eNE 2060) TAO(M)=1 20 
CON? INUE 

WRITE (60101) NUMEL 

WRITE( 60102) NUMNP 

WRITE (6-103) NUMBC 
WRITE(6.104)NCPIN 
WRITE(6-105)NOPIN 
WRITE(62106)NCYCM 
WRITE(6.107)TOLER 
WRITE(6.108)XFAC 
WRITE(6¢117)LNUM 

NITER=0 

IFCNSTEP.EGe-1) GO TO 160 

IF (NCELP2©EQe0) GO TO 160 
WRITE(60110) 

WRITE (602055) (NUMECN) eNPIT ON) oe NPJOCND eNPKON) » EBULK(N) oe ROUN) eESHEAR(N 
1). MAT(NDe N=1. NUMEL ) 
WRITE(60111) 

WRITE(60109) (NPNUM(M) eXOROCM) eYORO(M) oe XLOAD(M) » YLOAD(M) » 
10SX(M) e-OSYC(M) 6 M=1 « NUMNP) 
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160 


176 


177 


INI TE ALT ZATION 


NCYCLE=0 
NITER=NITER#+1 
NUMPT=NCPIN 
NUMOPT=NOPIN 
O00 175 L=iteNUMNP 
DO 170 M=1+9 
SXX(LeM)=000 
SXY(L eM) =020 
SYX(LeoM)=0-0 
SYY(L+M)=020 
NP(L«M)=0 
NP(L+«10)=0 
NP(L e1=L 


MODIFICATION OF LOAOS ANDO ELEMENT DIMENSIONS 


NE RROR=0 

00 180 N=1+NUMEL 
ET(N)=020 

COED(N)=0.0 

DT(NJ=0.0 

XU(N)=0.0 

I=NPIC(N) 

J=NPJO(N) 

K=NPK(N) 

AJ (N) =XORO(J)-XOROC( I) 
AK(N)=XORO(K )-XOROC(T) 
BJ(N)=YORO(J)-YORD(1) 
BK (N)=YORO(K)-YORO( I) 
ARE A=( AJC ND *BKON)-BJ(N) *®AKON) 726 
IF CAREA) 701+7010177 


THERM(NI=ET(N) *COEO(N) FOOT CNIS (CXUCNID-1.) 


DL=AREA¥*RO(N)/36¢ 


XLOADOCTI=THERM(N) €(BK(N)-BJCN) )D7204+XLOAD(T ) 
XLOAD( J) =-THERM(N) €BK(N)7204+XLOAD( J) 

XLOAD (KJ =THERM(N) *B5(N)7264+XLOAD(K) 

YLOADC TI) =THERM(N) €(CAJON)-AKON))72¢4VYLOADC EI )-OL 
YLOAD (JP =THERM(N) AKC NI) 7264VYLOAD( J) -OL 

YLOAD( K)=-THEFM(N) *AJONI 7264 YLOAO(K ) ~OL 


TF CAREA’*GT26O0-0) GC TO 180 
WRITEC6e¢7119N 
NERROR=NERROR ¢1 

CONTINUE 

IF(NERROReGT2-O) GO TO 925 


FORMATION OF STIFFNESS ARRAY 


O00 200 N=1+NUMEL 
ARE A=(CAJON) *AKINI-AKOC ND FBJOND I *2S 
COMM=0~425/AREA 
A(1e¢l1)=BJCN)-RKON)D 
A(1+e2)=0.0 
Al1e3)=3KCN) 
A(1e¢4)=020 
A(1e65)=-BJCN) 
A(1+6)=0-0 
A(2+1)=0,.0 
A(2s2)=AK(NI~AJON) 
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184 


185 


190 
195 


196 


200 
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A(2+3)=0.0 
Al2e64)=-AK(N) 
A(2e53=0-0 
A(206)=AJ(N) 
A(3e1d=AK(NI—AJON)D 
A(362)=BJ(N) -BK(N) 
A(3e3)=-AK(N) 
A(3e4)=BK(N) 
A(3e5)=AJ(N) 
A(3e6)=-BJC(N) 


TFC TANLYSeEQe0) COMISEBULK(N) ¢ESHEAR(N) €(46/36) 
IFC TANLYSeEQ.s0) COM22EBULK(N)—-ESHE AR(N) *( 26/30) 
TF CTANLYSeGTe0) COM1=4.*ESHEAR(N) *(EBULK(N) ¢ESHEAR(N)/3¢)/(EBULK(N 


9#(0 46/36) *ESHEAR(N)) 


IFC TANLYSeGT.0) COM2=26 *ESHEAR(N) #(E BULK (NJ) -(2./3.6) *ESHEAR(N) )/(EB 


ULK(N)4(04e/34) FESHEAR(N) ) 
Bllield= COMM*COM1 
B(1»«2)=COMM*COM2 
B(1.-3)=0.0 
B(2+1)=COMM*COM2 
B(2°e2)=COMM*COM1 
B(203)=020 

B(3+1)=0-0 

B(322)=0-0 

B(3.3) =COMM*ESHEAR(N) 


OO 182 J=1+6 

OO 1821=1,.,3 

SCI ¢J)=00 

DO 182 K=1e3 

SCT eJIFRS(C I oJV+B( 1 eK) #AC Ke J) 
DO 183 J=106 

OO 183 I=1.3 

B(Jo TV=HS( Ted) 

0O 184 J21.6 

00 184 1216 

S(IeJ)=020 

OO 184 K2#1.3 

SCT eJI=SCT eJI+B( 1 oKI FAC Ke J) 


LM( 1 Y=NPICND 
LM(2)=NPJ(N) 
LMC 3)=NPK(N) 
0O 200 L2#1.3 
0O 200 M=1.3 
LX=LM(L) 
MX=0 

MX=MX¢1 


IF CNP(LXeMX)—LMCM)) 19021950190 


IFCNP(LXeMX)) 186501956185 
NP (LX eMX) =LMCM) 
IF CMX-10) 1960702702 


SXX(LXe MX) BSKK(L KX oMXI+S(2HL—-152%*M—1) 
SXV(LXeMXI=SKY CLK oMX)4+S(24L-1024M) 
SYX CLM oe MXDESYX(LXeMXI4+S(2%L 5.2%M—1) 
SYV(LX eMXI=SVV(LX oMX)4S(29L 524M) 


COUNT OF ACJACENT NODAL FOINTS 


DO 206 M=1+NUMNP 
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542 
543 
544 
545 
546 
547 
548 
549 
550 
§51 

S52 
§53 
554 
SS5 
556 
SSiz7 
558 
55:9 
560 
561 

§62 
563 
564 
565 
566 
567 
568 
569 
570 
571 

§72 
57.3 
574 
S05 
S76 
S77 
578 
579 
580 
$81 

$82 
583 
sea 
s85s 
586 
587 
588 
589 
590 
591 

$92 
$93 
594 
595 
596 
597 
$98 
599 
600 
601 


a00 


GQutwiey 


220 
225 
230 
235 


240 


280 


MxX=1 

MX=MX +1 

IF (NPO(MeMX)) 2060206¢205 
NAP (M)=MX=1 


INVERSION OF NODAL POINT STIFFNESS 


DO 210 M=1«NUMNP 

COMM=SXX (Mol) ®SYY (Me 1 )-SXV(CMol D#SYX (Mel) 
TEMP=SYY({Meo1)/COMM 

SVY (Mol )=SXX (Mel )ZCOMM 

SXX (Me 1)=TEMP 

SXY (Me 1) =-SXY¥(Mel )/CCMM 

SYX (Mold) =—SYX(MelI/CCMM 

CONTINUE 


MODIFICATION OF BOUNDARY FLEXIBILITIES 


00 240 L=1+NUMBC 

M=NPB(L) 

NP (Melt )=0 

IFCNFIX(LI-1) 2250e2200215 

C=(SXX(Me 1) ®SLOPE(LITSXY (Mel) DZ (CSYX( Mel) *SLOPE(L )-SYY(Mo1)) 
R=1.6-C*SLOPE(L) P 

SXX (Mel P= (SXK(Me 1 I-C#SYXC Meld IZR 

SXY (Me 1) =(SXYV (Mol )-C#SYY(CMeLIIZR 

SYX (Mel) =SXX (Me1)*SLOPE(L) 

SYY (Mol) =SXY (Mol) #SLOPE(L) 

GO TO 240 

SYY (Me 1) =SYY (Mel) —-SYX (Mol PESKY (Mel ISSXX (Mol) 
GO TO 230 

SYY(Moe1)=0-0 

SXX(Mel)=0-0 

SXY(Me1)=020 

SYX(Mo1)=0-0 

CONTINUE 


ITERATION OF NODAL POINT OISPLACEMENTS 


KOUNT=0 

WRITE(6.119) 

KOUNT=KOUNT+41 

SUM=0-0 

DO 290 M=i»eNUMNP 

NUMEN AP (M) 

TF (SXXOMelI +SVV(Mo1)) 275029002758 
FRX=XLOAO(M) 

FRY=YLOAD(M) 

00 280 L=2»NUM 

N=NP (MeL) 

FRX=FRKX—-SXX (MeL) FOSX(NI—SXY (MeL) *OSY(N) 
FRY=FRY-SYX( MeL) #OSX(NI-SYVC MeL) *DSY(N) 
DX=SXX (Mel) MERX+SXY (Mel) *FRY-OSXK(M) 
DY=SYX (Mel) SFRX4SYY (Mel D#FRY-OSVIM) 
OSX(M)=DSX(M) +XFAC#DX 

OSY (M) =DSY(M)+XFAC#OY 

IF(NP(Mel)) 2852290-265 

SUM=SUM+ ABS (OX/SKX( Mel) )+ABS(CDY/SSYYV (Mold) 
CONTINUE 
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602 
603 
604 
605 
606 
607 
608 
609 
610 
611 

612 
613 
614 
615 
616 
617 


618 


619 
620 
621 
622 
623 
624 
625 
626 
627 
628 
629 
630 
631 
632 
633 
634 
635 
636 
637 
638 
639 
640 
641 
642 
643 
644 
645 
646 
647 
648 
649 
650 
651 
652 
653 
654 
655 
656 
657 
658 
659 
660 
661 


roo 


300 


305 
310 
315 
320 


400 


430 
440 
975 


405 
410 


415 
420 


CYCLE COUNT AND PRINT CHECK 


NCVCLE=NCYCLE #1 

IF (NCYCLE-NUMPT) 305-300-300 
NUMPT=NUMPT#NCPIN 

WRITE (66120 )NCYCLE+sSUM 

IF (SUM-TOLER) 400+400.310 

IF (NCYCM=NCYCLE) 40004004315 
IF (NCYCLE-NUMOPT) 244,.320+320 
NUMOPT=NUMOPT +NOP IN 


PRINT OF CISPLACEMENTS AND STRESSES 


CONTINUE 

IF (SUM-TOLER) 44024402430 

IF (NCYCM=NCYCLE) 44094402243 
WRITE(6e975)SUM,TOLER 

FORMAT (SHOSUM=1E15-6s6HTOLER=1E15 26) 

OO 421 N=1>+NUMEL 

I=NPIC(N) 

J=NPJ(N) 

K=NPKON) 
EPX=(BJCN)I—-BKON) )#OSX(1)4BK (N) *O0SX(J)-BI(N)*OSX(K) 
EPY=(AK(N) >AJ(N) )*OSY (1 D-AK(N)D #0SY (J) 4AJ ON) #OSY(K) 
GAM=( AKON J-AJON) )#OSX (CT) AKON) ®OSX( J)D4AI(N) ©OSX(K) 
1+(BJ(N) ~BK(N) )*#OSY( 1 )4¢BK(N) #OSY(J)-BJION) *OSY(K) 
COMM=21 6/( AJ(N) *BK ON) —-AKON) BJ (ND) 

IFC TANLYSeEQ@e0) CCMI=EBULK (N) ¢ ESHEAR(N)D (42/30) 
IFC TANLYSeEQe0) COM2=EBULK(N)—-ESHEARI(N) (26/36) 
TFC TANLYSeGT.0O) COM1=4.¥*ESHEAR(N) *(EBULK(N) ¢ESHEAR(N) /36) /(EBULK(N 
1)4(4e/3.-) *ESHEAR(N) ) 

IF CITANLYSeGT.0) CCM2=2.*ESHEAR(N) *(EBULK(NI—( 20/30) ¥ESHEAR(N))/(EB 
LULK(N)4#(4e/3¢) *ESHEAR(N) ) 

COM3=ESHEAR(N) 

X=COMM# (COMIX EPX4COM2*#EPY ) +THERM(N) 

Y=COMM* (COM2#EPX4¢COMI*EPY ) ¢THERM(N) 
XV=COMM*COM3*GAM 

XVOND=XVOND 4X 

YVCNDEYVOND 4Y 

XYVONJ=EXYVOND XY 
EPXVCNJ=EPXV(N)+(EPX*#1000)/( AUC N) #BK (N)-AK(N)D ® BIC ND) 
EPYV(NI=EPYVON)D €CEPY*100¢ I/CAJ(N) 8K (N) -AK(N) *BJ(N)) 
GAMV(N)=GAMV (N) +GAM*¥100.*COMM 

C=(XV(N) 4Y¥V(N) 97220 

R=SQRT( (CC YVOND=XVON) 907200) *#24XYV(N) ®¥2) 
XMAX(N)=C4#R 

XMINC(N)=C=R : 
PA(CN)=025*57 62957 E#ATAN( 2 eo ®XYVINISCVYVONI—XVON)D DD 
ITF (C2 0*®XVOIN)—XMAX(N)-XMINON)) 40524202420 

TF CPA(N)) 41024200415 

PA(N)=PA(N) 490.20 

GO TO 420 

PA(N)=PA(N)-90.0 

ANG=PA(N) *116/7E306 

CC=COSCANG) **2 

SS=SIN( ANG) €*2 

SC=COS( ANG) *SINCANG) 

EMAX(NI=EPXV(N) *CC¢EPYV(N) *SS—SCeGAMV(N) 
EMINCOND=EPXV(N) ¥SS¢EPYV (N) &CC4+SC#GAMVIN) 

IF (IT TOPT©EQ@-0) GO TO 421 
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662 
663 
664 
665 
666 
667 
668 
669 
670 
671 
672 
673 
674 
675 
676 
677 
678 
679 
680 
681 
682 
683 
684 
685 
686 
687 
688 
689 
690 
691 
692 
693 
694 
695 
696 
697 
698 
699 
700 
701 
702 
703 
704 
705s 
706 
707 
708 
709 
710 
711 
712 
713 
714 
715 
716 
717 
718 
719 
720 
72i 


Cc 
Cc 
Cc 


421 


TFONITERLEG262) GO TO 421 

WRITE(6e129) NUME(N) o XVOEN) ee YVOND eo XVYVEN) oXMAXCN) o XMINCN) ePACND « 
LEPXVON) eEPYV(N) eEMAX( ND CEMINCN) 

XVON)=XVON)—X 

YV(NI=HVYVONI-Y 

XVV ONIEXVYVONI-XYV 
EPXV(N)=EPXV(N)-CEPX*1006 JAZCAJON) #BK(N)-AKOCN) *BJ(N) ) 
EPYV(N)=EPYV( ND —CEPY*100¢ )/( AJC N) BK (ND -AKON) *BJ(N)) 
GAMV(N)=GAMV (N)-GAM*100 « *CGMM 

CONTINUE 


FINO THE MAXIMUM ANO MINIMUM PRINCIPAL STRESSES 


631 


630 


770 


sool1 


650 


SIG1=0-0 

S1IG2=0.0 

Mi=0 

M2=0 

DO 630 M=1 +NUMEL 

IFCXMAX(M) eLTeSIGI) GO TO 631 
SIGI=XMAX(M) 

Mi=M 

TFCXMIN(M)eGTeSIG2) GO TO 630 
SIG2=XMIN(M) 

M2=M 

CONTINUE 

WRITE(6.117) JM 

WRITE (6¢633) (SIG1»M1eSIG2eM2) 


DO 650 J=1+NUMNP 

IF (I TOPTceEGe 1 eANDeNITEReEQe1) GO TO 770 
XLOAD(J)=000 

YLOAD(J)=0.0 

XORD(J)=XORD( J) 40SX( J) 
YORD(J)=YORD( 4) +0SY( J) 
DSXQ(J) =O0SX( J) DS XQ) 
OSYQ(J)=DSY(J)+DSYQ( J) 

DSX(I)=000 

DSY(J)=0-0 

GO TO 650 

DSXQ(J)=0SX(J)+DSXQC Uy) 
DSYQ(J)=DSY(J)4DSYQ( J) 

WRITE (69122) NPNUM( J) eOSXQ( J) eDSYQ(U) 
DSXQ(J)=DSXQ( J) -DSX( 4) 

DSYQ(J) =DSYQ(4)-DSY(J) 
IF(TAD( J) eEQe100) OSVY(J)=0.0 

IFC TAO( JS) eEQe220) ODSX(JI=O06-0 

IFC TAOC JS) eNE©0-0) GO TO SOO01 

OSX(J)=0-0 

OSY(J)=02-0 

IF (TAL (CJS) eEQe1 +0) YLOAD(YI=0-0 

IF (TAL (JS) 2EQe200) XLOAD(J)=0.0 

IFC TALC I) «NE*0-0) GO TO 680 
XLOAD(.J)=0-0 

YLOAD(J)=0.0 

CONT INUE 

IFCKOPT.EQG.0) GO TO 664 

IFCITOPT «GT eOcANDeNI TER EQel eANDeKOPTeGT20) GO TO 664 
IF(KOUNTeGTe1) GO TO 681 

WRI TE(60121) 

WRI TE(6e 122) (NPNUM(M) »OSXQ(M)-.-DSYQ(M) »M=1 ¢6NUMNP) 





722 WRITE(62123) 


723 WRITE (60124) (NUMECN) oXVOND oY VON) oXYVOND oXMAX (ND OXMIN (ND CPA OND 
724 TEPXVON) sEPYVON) oEMAX (ND eEMEN O(N) oN=1 eNUMEL ) 
725 681 IFCNSTEP.EQe1) GO TO 925 

726 IF (JMeEQeNSTEP) GC TO 925 

727 IF(SIG1eLE.«02.005) GO TO 664 

728 C TENSILE STRESS REMOVED 

729 DN 660 M=1».¥NUMEL 

730 LFCXMAX(M) el E 0020) GO TO 660 

mss ANG=PA(M)#11./630- 

732 I=NPI(M) 

733 J=NPJ(M) 

734 K=NPK(M) 

735 AJ (M)=XORD(JI-XORC(T) 

736 AK(M) =XORO(K)—XORD(I) 

737 BJ (M)=YORD(J)-YCRO(I) 

738 BK(M)=YORD(K )-YORD(I) 

739 AJ1=AJ(M) *COS( ANG) 4¢BI(M) #SIN( ANG) 

740 BJ1=-AJ(M)*SINCANG) ¢B85(M) *COS( ANG) 

741 AKI =AK (MY *COS (ANG) 4¢BK(M) *SIN( ANG) 

742 BK1=-AK(M) *SINCANG) 4BK(M) #COSCANG) 

743 RI T=XMAX(M)* (BK I-BJL D726 

744 RII=-R1I1 

745 R1J=—XMAX(M) #BK1/ 20 

746 R1J=-R1J 

747 R1K=XMAX(M)#BJ1/26 

748 R1K=-R1K 

749 XMAX(M)=0 20 

750 XVCM)=XMINCM) (SINC ANG) #*2) 

751 YV(M)=XMINCM) (COSC ANG) ##2) . 

752 XYV(CM)=XMINCM)#SINCANG) ®COS( ANG) 

753 IF(XMIN(M)eL E0000) GO TO 661 

754 R21=XMIN(M)*®(AJI—AK1)/26 

755 R2T=-R2I 

756 R2J=XMIN(M) *AK1/20 

757 R2J=-R2J 

758 R2K=—XMIN(M)#AJI1/26 

759 R2K=-R2K 

760 XMIN(M)=0.0 

761 XV(M)=0.0 

762 YV(M)=0.0 

763 XYVOM)=0.0 

764 XLOAD (1) =COS (ANG) R11 4XLGAD (1 )-SINCANG) #R21 
765 XLOAD(J)=COS (ANG) *RIIFXLOAD( J I—SING ANG) #R2I 
766 '  XLOAD(K) =COS( ANG) #R1K4XLOAD(K)-SIN(C ANG) #R 2K 
767 VLOAD( 1 )=SIN( ANG) *#RIT4YLOAO(I )4COS( ANG) *R2T 
768 YLOAD(J)=SIN(C ANG) #R1J+VYLOAD( J )+COSC ANG) *R25 
769 YLOAD(K)=SIN( ANG) #R1K4Y¥LOAO(K) COS (ANG) #R 2K 
770 GO TO 660 

771 661 XLOAD(I)=COS( ANG) *R1I 1 ¢XLOAC(I) 

772 XLOAD(J)=COSC ANG) *RIJ*XLOAOLY) 

773 XLOAD(K) =COSC ANG) ¥R1K 4XLOAD(K) 

774 YLOAD(II=SINCANG) PRI T4¢YLOAD(I) 

775 YLOAO(J) =SINC ANG) ¥R1U4YLOAC() 

776 YLOAD(K)=SIN( ANG) *RIK4YLOAD(K ) 

777 660 CONTINUE 

778 WRI TE(6+6)KOUNT 

779 GO TO 243 

780 664 IFC ITOPT.GT 20 eANDeNITER*EQe1) GO TO 764 


781 WRITE (60121) 
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782 
783 
784 

785 
786 
787 
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789 
790 
791 

792 
793 
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797 
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7939 
800 
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829 
830 
831 

832 
833 
834 
835 
836 
837 
838 
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840 
841 


AY OO00. @ 


WRITE(6¢122)(NPNUM(M) eOSXQ(M) eOSYQ(M) oe M=1 »e NUMNP) 

WRITE(60123) 

WRITE (60124) (CNUMECN) oXVON)D 6 YVON) Oo XYVOND oXMAX (N) oXMIN (ND CPA CN) o 
1EPXVON) sc EPYV(N) sEMAX (N)oEMEN (CN) oN=1 e¢NUMEL ) 


INTERPOLATE MODULI 


764 


950 


26 
(ANG 


791 
752 


00 S01 JJ=1+NUMEL 

NCOUN=0 

IFC IT TOPT.EQ.0) RO(JJ)=0.0 

fF (NI TERCEQe2) RO(JJ)=0-0 

IF (NANLYSe¢EQ20) GO TO S00 

TFC KOPTeGTeOcANDe I TOPT -FEQel e ANDeNI TERE Qe] eANDsXMAX( SI) 0GE*0000) GO 
1TO S01 

AVGSIG=ABS(XMAX( JJ) ) 

IF OXMAX (JJ) 2GE20e0) AVGSIG=0-0 
OIVS=ABS(XMIN( JJ) )-AVGSIG 
DIVS=ABS(OIVS) 

N=MAT( JJ) 
DIVSF=ACOEF(N) +BCOEF (N) #ABS(XMAX (CUI) ) 
IFC XMAX( JS) eGEe000) OIVSF=ACOEF(N) 

IF (NCELP2EQe0) GO TO 852 
SIGMI=ABS(XMIN( JJ) 
SIGM2=(AVGSIG4SIGM1) 42.6 

SIGM3=AVGSIG 

IFC TANLYSeGTeO0) SIGM2=0.0 
NCOUN=NCOUN¢?# 1 
SIGOCT=(SIGM1¢SIGM2¢SIGM3)/3-6 
SIGIN=SIGM1*SIGW2*SIGM3 
CONFS=SIGIN/(SIGOCT *¥2) 

OF VOCT=SQRT((CSIGMI-SIGM2) **24(SIGM2-SIGM3)**24¢(SIGM3-SIGMI1 )**2) 
OIVOCT=OIVOCT/36¢ 

OO 26 J=l1eNCELP 

JLS=J 

IF( CONFS-SL(JoN)) 27226226 

CONTINUE 

CONTINUE 

00 28 K=1+eNSTRN 

JS1=K 

IF COI VOCT-SOCKeJILS-LeN)D) 29228428 
CONTINUE 

CONTINUE 

DO 751 K=1leNSTRN 

JS2=K 

IFCOIVOCT-SO(KeJILSeoN)D) 75207510751 
CONTINUE 

CONTINUE 

PR1I=1-061¥*(VS(C ISL eJLS—-1 eNI-VS(JSI1—-1 e-JLS—-1eN) IDSC STC ISI eNI-STCIUSI-1 
IN) )—-1-0 

TFC PR1eGTe0649) PRI=0-49 
PR2=1-061*(VS(IS2eJLS eNI-VSCIS2-1-645LS oNIISZOEST(CIS2eNI-ST(IS2—16 
IN) )-1-0 

IFC PR2¢GT 2024S) PR2=0.49 
PR3Z=PR14((PR2-PR1)*( CONFS-SL(JLS—-1.N))7°¢S5L¢5JLSeNI-SLOEIJLS—10eN))) 
IF CPR3e¢GT20649 ) PRI=0449 
DIF1=SO(JS1+SLS—1 eN)I-—SOCIUS1I-1 eJLS—15N) 
ETPLI=OIFI/S( STC ISI eNI-STCISSI-1.6N,) 
GTPL=ETP1/(0.9428%(1-24¢PR1)) 
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6851 
852 


501 


702 


OLF2=SO0(JS2eILSsN)I-SO(IS2-1 eJLSoN) 
ETP2=DIF2/( ST( JS2eN)-ST( IS2-1 6N)) 

GTP2=ETP2/7(0.94284(1.4¢PR2)) 

GTP=GTP1# (GTP2-GTP1 )*(CONFS -SL( JLS—-1eNDIS( SLO ILS ¢N)—-SL(JLS=10N)) 
GTP=100,*GTP 

BULKM =GTP¥2.*(16+PRIIS(3.*( 1e-26*PR3I)) 

SHEARM=6TP 

IF (TANLYSeGTe0) GO TO 852 

SI GMM2=PR3%(SIGM14¢SIGM3) 

SIGMM2=(SIGMM2¢SIGM2 )/26 

STRS=ABS(SIGMM2-SIGM2) 

IF (NCOUNeGEe11) GO TO 851 

TF CABSCST GCMM2-SIGM2)eLTeO0-01) GO TO 851 

SIGM2=SIGMM2 

GO TO 950 

WRITE(6 125) JJSe KCOUNs SIGM2¢STRSePRI 

CONTINUE 

IFCNEITEReEQel )TEBULK=BULKM 

IF CNEITERSEQe2) EBULK( JJ)=BULKM 

IFC TTOPTeGTeOeANDeNITER~EQ el DEBULK( JJ)=( EBULK( JJ) +TEBULK ) 7/26 

IF (CT TOPT eEQe0e ANDeNITER -EQel JEBULK( JJ) =TEBULK 

TFCNITER2EQe1) TSHEAR=SHEARM ; 

TF CNITER«EGe 1 eANDe DI VSeGE eDIVSF eANDeNTENSe GT e0) TSHEAR=EBULK (JJI)/5 
10.6 

IF C(NITER 2 EQ.2)ESHEAR( JJ I=SHEARM 

IF (NIT ER* EQe2 eANDe OI VSeGE eDIVSFeANDeNTENSeGT 20) ESHEAR( JID=EBULK(Y 
1J)7506 

TFC I TOPT eGTeOcANDeNITER eEGel J)ESHEAR( JJ) =( ESHEAR( JJ) +TSHEAR) S26 

IFC IT TOPT eEQe0 eANDeNITERCEQel )ESHEAR( JJI=TSHEAR 

TFC ESHEAR( JJ) GT of 1 e4S*#EBULK( JJ) ) DESHEARC JI) =1 -45*EBULK( JS) 

IF CESHEAR (JJ) eL Te (EBULK( II) 7504) JDESHEAR( JJ) =EBULK(JI)/506 
CONTINUE 

WRITE(6e110) 

WRITE (6s 2055) (NUMECN) eNPIT CN) eo NPIYCN) »NPK(N) ¢ EBULK(N) » RO(N) e ESHEAR(N 
1)5 MATIN)» N=1.«NUMEL ) 

IFC LTOPT-EQe-0) GO TO S00 

IF(NITEReEQ@e1) GO TO 160 

CONTINUE 


GO TO 925 
PRINT OF ERRORS IN INPUT DATA 


WRITE(60712)LX 


FORMAT STATEMENTS 


FORMAT (915) 
FORMATC1I1Ee314e4E1264e1F 804) 
FORMAT (15s4F10¢0+2F12-8) 
FORMAT (21501F8.3) 
FORMAT (3E15-8) 
FORMATCIIS) 

FORMAT (14+6F8-0) 
FORMAT(214+2F8-0) 
FORMAT( 415) 

FORMAT (615e2F10e06e15) 
FORMAT (215) 


thw 1@ea 
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902 
903 
904 
905 
906 
907 
908 
909 
910 
911 
912 
913 
914 
915 
916 


917. 


918 
919 
920 
921 

922 
923 
924 
925 
926 
927 
928 
929 
930 
931 

932 
933 
934 
935 
936 
937 
938 
939 
940 
941 

942 
943 
944 
945 
946 
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948 
949 
950 
951 

952 
953 
954 
955 
956 
957 
958 
959 
960 
961 


21 FORMAT(7F5.0) 

23 FORMAT (1Xe*LATSTRESS®* 6X0 6F8.3/) 

24 FORMAT (1Xe*® STRAIN? 3X e1F6e20 6FEBL3/) 
40 FORMAT(12F6-0) 

99 FORMAT (1H1) 

100 FORMAT(18A4) 


101 FORMAT (30HONUMBER OF ELEMENTS =1147) 

102 FORMAT (30H NUMBER OF NOOAL POINTS =114/) 

103 FORMAT (30H NUMBER OF BCUNDARY POINTS =114/) 

104 FORMAT (30H CYCLE PRIAT IATERVAL =114/7) 

105 FORMAT (30H OUTPUT INTERVAL OF RESULTS =114/) 

106 FORMAT (30H CYCLE LIMIT = 1147) 

107 FORMAT (30H TOLERANCE LIMIT =1E12.4/) 

108 FORMAT (30H OVER RELAXATION FACTOR =1F6.3) 

117 FORMAT (30H LIFT NUMBER =114/) 

109 FORMAT (11664F12¢6s2F12.8) 

110 FORMAT (74H1ELe I JK EBULK OENSITY E SHE AR 
1MAT NOe ) 

111 FORMAT (8OH1 NP X-ORD Y-ORD X-LOAD Y-LOAOD 
1 xX-CISP V=D1SP ) 

112 FORMAT(20H BOUNDARY CONOITIONS) 

119 FORMAT(34HO CYCLE FORCE UNBALANCE) 


120 FORMAT (111221E20c6) 

121 FORMAT(42HONODAL POINT X=OISPLACEMENT Y=OISPLACEMENT) 

122 FORMAT (1112626156) 

123 FORMAT(SHIELNO 4Xe B8HX-STRESS 4X e8HY-STRESS 3Xs9HXY—STRESS 2X0 1l0HMA 
IX=STRESS 2Xe1O0HMIN-STRESS 2Xe9HDIRECTION 3Xe8HX-STRAIN 3Xe8HY-STRA 
2IN 1XelOHMAX=STRAIN 1Xe 1OHMIN-STRAIN) 

124 FORMAT(11505E12¢5e5E1164) 

125 FORMAT(215.3E12-5) 

126 FORMAT( 114. 2E1265) 


602 FORMAT(15.2F10-0) 
633 FORMAT (*0°%,. 


1°MAXe PRINCIPAL STRESS=*eF10e5e*AND OCCURS IN ELEMe® »16// 
2°MINe PRINCIPAL STRESS=*oF10e5e*AND OCCURS IN ELEMe* o I6//) 
711 FORMAT(32HOZERO OR NEGATIVE AREA», El eNOe 114) 
712 FORMAT(33HOOVER 8 NePe ADJACENT TO NePe NOoII4) 


670 FORMAT(//41I 50 6F12 06) 
753 FORMAT(215eF10-0) 


823 FORMAT(SHINODE 4Xe8HX-STRESS 4Xe8HY-STRESS 3Xe9HXY-STRESS) 
824 FORMAT (30H NUMBER OF REAC NODAL POINTS =114/) 

625 FORMAT (30H NUMBER OF REAC ELEMENTS =ilas) 

1010 FORMAT(15+6F5.00) 

1020 FORMAT(15¢4F15-6) 

1030 FORMAT(315) 


2000 FORMAT(*O0®.*NUMBER OF THE MATERIAL=*".15/) 
2010 FORMAT(SF10-0) 
2020 FORMAT( 20% o10Xe *DENSITV=® pFISe64/o10Xe* BULK MODULUS=* 6 F15e6//510Xe 


1*SHEAR MOODULUS=® 0F15e6//010Xe ° ACOEF se ="FlSe6// o10Xe *BCOEF o= "5 FI 506) 


2021 FORMAT(2I15eF10-0) 
2051 FORMAT(10F5.0) 
2052 FORMAT(11F5e0) 
2053 FORMAT (°0% o10Xe *STRESS-STRAIN RELATIONSHIPS FOR MATERIAL=°I5S//) 
2055 FORMAT( 159314 e3E1204015) 
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SUBROUTINE TESTO 


CONVERSION OF TRIAXIAL TEST OATA FRCM CONVENTIONAL FORM TO STRESS 
INVARLANT FORM ANO INTERPOLATION 


OIMENSTION SUL(10 05) 6S0( 200 1005) oe VS( 2001005) eSIGINV( 2061005) 6 
IVSTN( 20-1005) 
COMMONZ AREA3/ 


1 ST(20 05) eSIGINT(2005) e TOCTD(206 105) +6GOCT( 2001005) eNUMAT. 


INCELP+CONFAC+NSTRN 


READ CELL PRESSURE CATA FOR GIVEN MATERIALS 


O00 10 N=1leNUMAT 

READ(521010) (SLO JSeN) eo J=1eNCELP) 
00 15 J=1s+NCELP 

SL( Je N) =SLOJIeN) *CONFAC 
SIGINT( Je ND=SLOJoND 


is CONTINUB 


READ DEVIATORIC STRESS DATA FOR GIVEN MATERIALS 


DO 20 K=1eNSTRN 
READ(521020) ST(KeN) e (SOC Ke JoN) o J=1 »NCELP) 
O00 25 J=ieNCELP 
SO( Ke JeNP=SOC Ke J oN) *CONF AC 
25 CONTINUE 
20 CONTINUE 
WRITE (6¢1030) N 
WRIETE(621040) (SLO Je N)eJ=1eNCELP) 


READ VOLUMETRIC STRAIN CATA FOR GIVEN MATERIALS 


00 30 K=1eNSTRN 

READ (501020) ST(KeN) o(VSCKeJeoN) eJ=1eNCELP) 

WRITE(6.1050) ST(K oN) o (VS( Ke JeoN) eJ=1eNCELPD 
30 CONTINUE 

OO 35 K=1—»NSTRN 

WRITE(601050) STOCK e ND eo (SOCK JeoN) oJ=1»NCELP) 
35 CONTINUE 
10 CONTINUE 

00 40 N=1 eNUMAT 

00 45 J=1eNCELP 

DO SO K=1+NSTRN 

PROD= (SLC Je ND*R2)*(SC( Ke JoND+SLOJeN)D)D 

SIGOCT=SL(JeNI# (SOC Ke Seo N) D736 
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1022 
1023 
1024 
1025 
1026 
1027 
1028 
1029 
1030 
1031 
1032 
1033 
1034 
1035 
1036 
1037 
1038 
1039 
1040 
1041 
1042 
1043 
1044 
1045 
1046 
1047 
1048 
1049 
1050 
1051 
1052 
1053 
1054 
1055 
1056 
1057 
1058 
1059 
1060 
1061 
1062 
1063 
END OF FILE 


Cc 


Cc 


51 
50 
45 


60 
61 


55 
70 


TS 


80 
40 
1000 
1010 
1020 
1030 
1031 
1040 
1041 
1050 
1060 
1070 
1071 


TFC J cEQeleANOeKeEGei1) GO TO 51 

SIGINV( Ke JoN)=PROO/(S IGOCT##2) 

TFC J cEQeol eANDoK cEQel} SIGEINV( Ke JeoN) 2000 

CONTINUE 

CONT INUE 

00 70 f#i»eNCELP 

00 $5 K=1eNSTRN 

00 60 J#ieNCELP 

JLS=J 

IF(SIGINTCIeNI—SIGINV( Ke JeoN) 161260060 

CONT INUE 

CONTINUE 

TOCTO(Ke IeN) =SD( Ke JLS—1 oNI#(SD( Ks JLSeoN) —SD( Ke JLS—1 oN) ID *(SIGINTC ION 
1)-SIGINV( Ke JLS—1eN) ISUSIGINV( Ke JLSeNI—-SIGINV( Ke JLS—-1eN)) 
TOCTO (Ke TeN)=TOCTO( Ke TeoND #064714 

VSTN( Ke I eNDBEVSCK eJLS—-LeNI tC VS(Ke ILSoN)I—VS (Ko JLS—10N))*( SIGINT (ION) 
1-SIGINV( Ke JLS—1 oN) DA (SIGINV( Ke JLSoN) -SIEGINV( Ke JLS—15N)) 
GOCT( Ke IT oN)2=004714%( 3e#ST(K oN) -VSTN(K oT o ND) 

CONTINUE 

CONTINUE 

WRITE(651031) N 

WRITE (661041) (SIGINTCIeoN) ce f=1leNCELP) 

00 75 K=1«eNSTRN 

WRITE (65 1050) STC K oN) o( TOCTD( Ke TeoN)o T=1oNCELP) 

00 80 K=1eNSTRN 

WRITE (601050) STCKoN) 0 (GOCT( Ke JoN) eo J=l1 eNCELP) 

CONTINUE 

FORMAT(315eF10-0) 

FORMAT(C1OFS-0) 

FORMAT(11F52-0) 

FORMAT(°0%s*OATA IN CONVENTIONAL FORM FOR MATERIAL NO.o*s 15/7) 
FORMAT(*0%,* DATA IN STRESS INVARIANT FORM FOR MATERIAL NOe *,1S/) 
FORMAT( 1X0 *LATSTRESS® »6Xe10F8e3/) 

FORMAT (1X6 *J3/(SIGOCT )#*2% o 1 Xe 10F 8.3/7) 

FORMATCIXe* STRAIN ¢ 3X eF602010F 8-3/7) 

FORMAT(I5) 

FORMAT(3F10-0) 

FORMAT (3F6-.3s4F12 04) 

RETURN 
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APPENDIX B 
COMPUTER PROGRAM FOR THREE DIMENSIONAL 
FINITE ELEMENT ANALYSIS 


Beewocope 


This appendix contains a description of the computer 
program used for three dimensional finite element analysis 


and a listing of the program. 


B.2 Language, Code and Limitaticns 


Language: The computer program presented here was 
written in FORTRAN IV language and run on an IBM 360/67 com- 
puter with an MTS operating system at the University of 
Alberta, Edmonton. 

Code: The title of the code is Finite Element Non-Linear 
Analysis for Three Dimensional Problems (FENA3D). 

Limitations: The program as presented in this appendix 
is dependent on the MTS system subroutines and can handle a 


problem less than or equal to the following size: 


Number of elements = 350 
Number of nodes = 450 
Number of materials = 5 


Number of cell pressures 

at which triaxial data 

-is supplied = 10 
Number of axial strain 

points at which tri- 

axial data is supplied = 20 


If the size of a problem exceeds the above limits the dimen- 
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sions have to be increased accordingly. The minimum required 
dimension for each array is given in B.4.1. 

One of the main limitations of a three dimensional 
analysis is the requirement of a large computer storage. In 
the present program the equation solver solves the equations 
in blocks using a core storage of (2*MBAND*(MBAND+1)) loca- 
tions, MBAND being the half-band width. The core storage 
needed increases rapidly with the half-band width. On a com- 
puter with an available capacity of 1O000K a maximum band width 
of about 320 can be handled with the use of the present pro- 
gram. Also it is to be noted that the computation time 
increases very rapidly with the half-band width. So it is 
normally preferable to limit the half-band width to about 


250 while using the present program. 


BRS Development, The Main Features of Program and Computa- 


tion Time 


Bn Jaslen Development 


The development of the present program was based on 
the ideas used by E.L. Wilson (University of California, 
1966) in coding a two dimensional finite element program with 
a solver that solves the equations by Gaussian elimination in 
blocks. The program was developed by the author in the year 


LOT. 


B.3.2 Main Features 


The program consists of eight subroutines and a main 
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program. Eight other system-dependent subroutines are refer- 
enced in this program. These are: 

TIME ,ADROF ,RCALL,SETDSN,WRITE,READ,NOTE,POINT 
the details of which can be obtained from the manual of the 
MTS system subroutines. Fig. B.1 shows the sequence of call- 
ing the different subroutines written for the present program. 
The function of the Main Program and each subroutine is des- 
cribed here in brief. 

Main Program. Variables whose dimensions are prescribed 
depending on the half-band width computed for the current 
analysis, are passed to other subroutines. These variables 
change the dimensions of certain arrays appearing in certain 
DIMENSION statements of other subroutines. 

Subroutine MSUB. This is the master subroutine which 
calls other subroutines necessary for the analysis. In this 
subroutine the coefficients needed for integration by Gaussian 
quadrature are computed, and the elastic parameters needed 
for each step in the non-linear analysis are calculated. 

Subroutine READIN. This subroutine reads all the data 
pertaining to nodes, elements, materials, loads, and boundary 
conditions and interpolates the initial moduli needed in the 
non-linear analysis for all elements. It also calculates the 
half-band width for the current problem. 

_ Subroutine TESTD. This subroutine reads the triaxial 
test data and converts it into the stress-invariant form. 

Subroutine ASTIF. This subroutine assembles the load 


vector, and the total stiffness matrix from the element stiff- 
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B.4 


ness obtained by calling the subroutine ELSTIF. It calls the 
Subroutine MODIFY in order to modify the total stiffness 
matrix, and load vector to suit the given displacement bound- 
ary conditions. Formation and modification of the total 
stiffness matrix, and the load vector are done in blocks of 
Size MBAND*(MBAND+1) and the information is written on a 
temporary sequential disc file. 

Subroutine ELSTIF. This subroutine forms the element 
Stiffness matrix for each element and returns to ASTIF. An 
isoparametric, eight-node hexahedral element has been used for 
the present program. The same element is specialized to repre- 
sent triangular prisms or tetrahedra. The subroutine also 
forms the element stress matrix, computes the element stresses, 
and returns them to the subroutine STRESS. 

Subroutine MODIFY. This subroutine modifies the total 
stiffness matrix, and the load vector according to the pre- 
scribed boundary displacement conditions and returns them to 
the subroutine ASTIF. 

Subroutine BAND]. This is an equation solver which 
solves the equations by the direct method of Gaussian elimina- 
tion. The equations are solved in single precision and in 
blocks by transferring parts of stiffness matrix, and load 
vector from sequential files to core and vice versa. Two 
temporary sequential disc files of sufficient size are used. 
The required size of sequential files in terms of the number of 
tracks (NTRACK) can be determined as follows: 


Let each track of the file correspond to NBYTES 
(about 7000) 
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Let the number of equations to be solved be NEQ 
Let the half-band width be MBAND 


Number of blocks needed to write information into 
a file is obtained from NBLOCK=(NEQ/MBAND)+1 


Number of tracks needed for the file can be ob- 
tained from NTRACK=(NBLOCK)*(MBAND)*(MBAND+1)/(NBYTES)+1. 


File 2 is used to write the total stiffness matrix, and the 
load vector as formed in the subroutine ASTIF and File 1 is 
used to write information regarding the reduced equations 
obtained in the process of Gaussian elimination. 

Subroutine STRESS. This subroutine computes the stresses 
and steatnsmrelactedstomelementsvandenodessbytcalliing@thessub= 


routine ELSTIF for the formation of the element stress matrix. 


B.3.3 Computation Time 


It has been observed that considerable Savings on the 
cost of computation (even tip to 50%) can be effected by intro- 
ducing an efficient method of data transfer between core and 
sequential files. In the present program such transfers are 
effected by calling certain system-subroutines and by making 
suitable EQUIVALENCE statements. Table B.1 compares the com- 
putation time needed for solving 738 equations with a half- 
band width of 171 by using different methods of handling the 
transfer of data between core and files. The example con- 
sidered here was concerned with a three dimensional finite 
element analysis of an earth dam. Total computation time for 
the complete analysis of the problem and the percent reduc- 


tions in time have been presented in Table B.1l. In the present 
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program, Method 5 indicated in Table B.1, has been used as 


it effects the maximum reduction of the computation time. 


Batedal ee stimattion sof -Computation.«(CPU.).alime 

It is generally useful to estimate before hand the 
approximate computation time spent in the assembly of the 
total stiffness matrix and the solution of equations for a 
given problem. The cost of computation sometimes dictates 
the size of the problem in terms of the number of nodes and 
elements. By knowing the number of nodes, the half-band width 
and the number of elements for a given problem the computation 
time needed for the solution of equations may be estimated by 
referring to Fig. B.2. This figure shows the relationship 
between the half-band width (MBAND) and the computation time 
for solution of equations equal to MBAND in number, in each 
block. This relationship has been obtained by solving pro- 
blems of different sizes using the three dimensional program. 
The computation time needed for the solution of equations in 
a problem is obtained by multiplying the number of blocks with 
the computation time per block, read from Fig. B.2 at the 
given half-band width. The time needed for the assembly of 
the total stiffness matrix is estimated between 0.8 sec. and 
1.2 sec. per element depending on whether a two-point or 
three-point integration formula is used for the formation of 
the element stiffness. This time multiplied by the number 
of elements gives the time for the formation of the total 


stiffness matrix. 
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Since the time required for solution of a given number 
of equations at a given half-band width depends on the number 
of displacement boundary conditions imposed, the time given 


by Fig. B.2 should be considered as approximate. 


B.4 Nomenclature 

In Section B.4.1 that follows, the variables that need 
a change in their dimension declaration according to the size 
of the problem are designated by parentheses after the vari- 
able name. The description and the minimum required size of 
the variable are also indicated. The variables defining the 


minimum sizes are given as input to the program. 


B.4.1 Description and Size of Variables 


Minimum 
Size When 
Name Description Applicable 
ACOEF( ) Shear strength parameter associated (NUMAT ) 
with cohesion given by 2c cos 9/ 
(l-sin 9) 
BCOEF( ) Shear strength parameter associated (NUMAT) 
with or given by 2 sin $/(1-sin 9) 
CONFAC Conversion factor used to convert 
the triaxial test results to the 
units in which analysis is performed 
DISPX( ) Total displacement of a node in x- (NUMNP ) 
direction 
DISPY( ) Total displacement of a node in y- (NUMNP ) 
direction 
DESP ZA.) Total displacement of a node in z- (NUMNP ) 
direction 
EBREAD( ) Bulk modulus read for each material (NUMAT ) 
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Name 


EBULK ( 


De Valo 9) 


ESREAD ( 


GUCT (a) 


HED( ) 


PROP T 


KODE( ) 


ROE IS c} 


KOUNT ( 


KTERMI 


NANLYS 


) 


) 


Description 


Bulk modulus assigned to each ele- 
ment 


Shear modulus assigned to each ele- 
ment 


Shear modulus read for each material 
type 


Percent octahedral shear strain 


Heading for the identification of 
the problem 


Code to identify whether a step is 
to be analyzed once or twice 


Code for each node to identify the 
type of boundary displacement con- 
dition ; 

Code for each element to identify 
the type of integration formula to 
be used 


Counter used for computing the nodal 
stresses 


Code to identify whether the execu- 
tion to be stopped after the genera- 
tion of the element and nodal data 
Element or nodal number 


Material number assigned to each 
element 


Number of elements to which material 
number has to be changed 


Half-band width as calculated in 
program 


Element or nodal number 


Code to identify whether the analysis 


is linear or non-linear 


Minimum 
Size When 
Applicable 
(NUMEL ) 
(NUMEL ) 
(NUMAT ) 
(NSTRN, 
NCELP,NUMAT ) 
(18) 


(NUMNP ) 
(NUMEL ) 


(NUMNP ) 


(NUMEL ) 





( J3MUM ) 


( JSMUM) 


( TAMUM ) 


eMATen) 
(TAMUM, 91991 


(8f) 


(SAMUM) 


( JAMUM ) 


(SKMUM ) 
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Minimum 
Size When 
Name Description Applicable 
NBOUN Number of nodes at which the bound- 
ary displacements or loads are 
specified in a particular step 
NGELP Number of confining pressures at 
WihkncomtYlaxtal test date 15 
Supplied as input 
NOBSET Number of sets. of elements for which 
the overburden factor is prescribed 
NP( ) Vector to store the eight nodes of 
each element (8,NUMEL) 
NSET Number of elements (excluding the 


one read) for which the same over- 
burden factor has to be assigned 


NSHEAR Code to identify whether shear fail- 
ure is to be considered or not 

NSTEP Number of steps for the analysis 

NSTRN Number of axial strain points at 
which the triaxial data is supplied 

NUM1 Number of sets of nodes for which 
codes other than zero are to be 
assigned 

NUM2 Number of nodes (excluding the one 


read) for which the same code has 
to be assigned 


NUMAT Number of material types present in 
the given problem 

NUMCE Number of sets of hexahedra and 
base triangular prisms to be gene- 
rated 

NUMEL Number of elements in the problem 

NUMELS Number of elements in a particular 
step 

NUMJK Number of hexahedra or base triangular 


prisms (excluding the one read) to 
be generated 
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Minimum 
Size When 
Name Description Applicable 
NUMNP Number of nodes in the problem 
NUMTH Number of tetrhedra in the problem 
NUMTP Number of triangular prisms in the 
problem 
OBFAC( ) Overburden factor (NUMEL ) 
RO( ) Density of the material in an ele- (NUMEL ) 
ment 
ROREAD( ) Density of the material read for 
each material type (NUMAT ) 
SDs) Deviatoric stresses read from test (NSTRN, 
data | NCELP,NUMAT ) 
SGTEL Total element stresses (NUMEL,6) 
SGTNP Total nodal stresses (NUMNP ,6) 
SGTPS( ) Principal stresses and strains. in (NUMEL,7) 
an element 
SIGA( ) Nodal stresses in a particular step (NUMNP ,6) 
SIGINT( ) A vector used in the conversion of (NCELP, 
data from triaxial form to stress NUMAT ) 
invariant form 
SIGINV( ) A vector used in the coversion of (NSTRN, 
data from triaxial form to stress NCELP,NUMAT ) 
invariant form 
See} Number of triaxial cell pressure (NCELP, 
values at which data is supplied NUMAT ) 
SiG) Number of percent axial strain (NSTRN, 
values at which triaxial data is NUMAT ) 
supplied 
STN (=) Percent nodal strains in a parti- (NUMNP ,3) 
cular step 
SENT (a) Percent total noda? strains (NUMNP,3) 
STRNT( ) Percent total element strains (NUMEL ,6) 
TO Gh Diam) Octahedral shear stress (NSTRN, 


NCELP,NUMAT ) 
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Minimum 
Size When 
Name Description Applicable 
Len) Force or displacement in x-direction (NUMNP ) 
given as input at a nodal point 
Vv) Force or displacement in y-direction (NUMNP ) 
given as input at a nodal point 
VS) Volumetric strain obtained from tri- (NSTRN, 
axial test NCELP,NUMAT ) 
VSTN( ) A vector used in the conversion of (NSTRN, 
the triaxial test data to stress NCELP,NUMAT ) 
invariant form 
W( ) Force or displacement in z-direction (NUMNP ) 
given as input at a nodal point 
en) x-coordinate of a nodal point (NUMNP ) 
Vite) y-coordinate of a nodal point (NUMNP ) 
(ae } z-coordinate of a nodal point (NUMNP ) 


B.5 Input Data Procedure 
B.3.4.1 has to be referred for the explanation of the 
name of variables used in this section. 
(1) Problem Control Cards (2 cards) 
(a) Problem Identification Card (1 card) (18A4) 
1-72 HED 


(b) Preliminary Information Card (1 card) (716) 


1-6 NUMNP 
7-12 NUMEL 
13-18 NUMAT 
19-24 NUMCE 


25-30 NUMTP 
31-36 NUMTH 
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37-42 NANLYS Zero for linear analysis and one 
for non-linear analysis 


Figs. B.3 and B.4 show an example of a three dimensional 
idealization of a model dam representing different types 


of elements as given below: 


Type of Eiements Element Numbers 

Hexahedra 2 nao 0 

Base triangular prisms 7,8 

Triangular prisms 1,4,9 (for element 9 back- 


face is inclined) 


Tetrahedra 6 


The preliminary information card for this problem would 


be as follows: 


NUMNP = 23 

NUMEL = 10 

NUMAT = 1 (number of material types equal to one 

for this example) 

NUMCE = 4 

NUMTP = 3 

NUMTH = 1 

NANLYS = 0 (analysis is linear) 


Nodal Point Data Cards (Number of cards less than or 
equal to NUMNP) (215,6F5.0) 


1-5 N 

























$f.8 


ano bos 2teyl[sns veents vot ovesi 2YIJMAM Sh=VE 
2Feyl ons te9nt it~ fon WOT 





Psnotensmib se1dt 5 to sfqwexe th wode *,8 bas €.8 .eprd a 


fa] 
2sqys tnersttib or bhinezsiqs4. mad febom 6 to notsestissbt vw 


:wofed nsvipg 26 23nemsfs to jy 


2xadmuh toeme ta 2sqemsl3 to sqyT = 

Of. aef.8 sybarnexsH 
8, emztrg selupnsiad 9266 

-jJosd @ tnsmefs 107) @, 4,1 emetig  stupastyT 
(bantfont ef sa6t : ’ 


a Ba ibensiteT 


biluow mefdorg 2etnt vot biss nottemriotat yssntmtiewq sit © 9% 


:2ewollo? 26 sd vi 


eS = WAMU 
Of = 33MUM 5) | 
go 03 faups esays Istvetem to tedmun), —.. = ,TAMUA 
(afqmexe 2fAd OT : 
a an 
Bb = J2MUM 
—E = | qTMUM -_ 
. ‘9 j 
f = HTMUM a 


(neantl et eteyfsns) © = 2YJWAM 


10 mbit eesf ebi69 to — 1 3°Bt2,"haiada So tng Tabol AS 
ah, | cs ica at at f 


7 
- - a : 7 i 
- a = a 7 a 7 4 i. : : | te 
. . — “ : . 


/ % - - 
7 - 








26-30 uU( ) 
SIE 350004 7) 
36-40 W( ) 


In an earth dam problem the nodes can seldom be arranged 
with equal spacing. However in problems where nodes can 
be spaced equally with the other two coordinate distances 
being constant only the extreme nodes need to be given 

as input. The intermediate nodes are generated with 
nodal displacements and loads equal to zero and nodal 
code equal to zero. The following nodal codes are used 


to represent the various boundary displacement conditions. 


X-Displacement Y-Displacement 2Z-Displacement 


KODE(N) Specified Speci fiedss. Specified 


0 NO NO NO 
] NO NO TES 
2 NO YES NO 
3 TES NO NO 
4 VES NO . eS 
10 AS YES NO 
iO: NO YES YES 
12 VES TES MES 


Nodal Code Change Control Card (1 card) (15) 


1-5 NUMI (If no changes are needed NUM] is equal to 
zero and (4) is omitted) 


As mentioned before the intermediate nodes are generated 
with zero nodal codes. However if some of them happen 


to have codes other than zero it becomes necessary to 
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B.14 


assign the proper codes. NUM] gives the number cf sets 


of nodes to which the proper codes are to be assigned. 


Nodal Code Change Cards (2*NUM1 cards) 


(a) 


(b) 





Number of nodes in a set excluding the one read (15) 
1-5 NUM2 | 

Nodal Number and the Code (215) 

1-5 N 

6-10 KODE(N) 

As an example for (3) let it be assumed that the 
nodal points shown in the sketch below are spaced 


equally in x and z directions for a particular value 


of y and have a code equal 2. 


Z 


If the intermediate nodes namely 2,3,4,7,8,9,12,13, 
14,17,18 and 19 are generated with the extreme nodes 
as input they will be generated with a code equal to 
zero. Since the proper code to be assigned to the 
intermediate nodes is 2, the following input cards 
are necessary. 


é (NUM1) (15) 
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2 (NUM2) (15) 
2 2 (N,KODE(N)) (215) 
2 (NUM2) (15) 
7 3 (N,KODE(N)) (215) 
2 (NUM2) (15) 
12 2 (N,KODE(N)) (215) 
2 (NUM2) (15) 
17 2 (N,KODE(N)) (215) 


(5) Cards for Generation of Hexahedra and Base Triangular 
Prisms (2*NUMCE cards) 


(a) Number of elements (excluding the one given as 
input) to be generated (15) 


1-5 NUMJK 

(b) Element data card (1115) 
1-5 M 
6-10 KOEL(M) 
ble hos aN P 
16-20 NP(2,M) 


( 

( 
21-25 NP(3,M) 
26-30 NP(4,M) 
31-35 NP(5,M) 
36-40 NP(6,M) 
41-45 NP(7,M) 
46-50 NP(8,M) 


51-55 MAT(M) 
Considering the example in Fig. B.3 the sets of 
base triangular prisms and hexahedra to be generated 


are 4 which is given by the number NUMCE. Each set 
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B.16 


is represented by two cards. The first card gives 
the value NUMJK and the second card gives the de- 
tails of the element from which the other elements 
equal to NUMJK in numbers are generated in that 
particular set. The element code to be given as 
input indicates the type of integration formula (two 
or three point) to be used for that particular ele- 
ment. If the element is a regular body, e.g., a 
rectangular prism or a triangular prism, a two point 
integration formula is used and in the case of a skewed 
element a three point integration formula is used 

for better accuracy. In addition, the code indicates 
whether the given element is a hexahedron or not. 

If the element is not a hexahedron, the evaluation 

of stresses at the corners of the element (for the 
purpose of computing the nodal stresses) has to be 
done very close to the corner (but not at the corner) 
to avoid a division by zero. The following element 


codes are used in the present program: 


Element Code Integration Formula Used Type of Element 


0 Two point Gaussian quad- Regular hex- 
rature hedron 
] Two point Gaussian quad- Regular element 
rature other than a 
hexahedron 
2 Three point Gaussian Skewed element 
quadrature other than a 
hexahedron 
3 Three point Gaussian Skewed hexa- 


quadrature hedron 
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The following gives the set-up of cards for the 
generation of the hexahedra and the base triangular 
prisms for the example given in Fig. B.3 and Fig. B.4. 


1(NUMJK(1I5) 


23 #05, Ni2todi, cel eleselo' Or, Dale My KOE LCM) SM NPIKK M)itKK= 1,8) , 
MAT(M)) (1115) 

O(NUMJK(I5) : 

SOG Ons OM On Osos onl 7 iM KOEL IM) Ss CNPCKK SM) 

KK=1,8) ,MAT(M)) (1115) 

1(NUMJK) (15) 

Pola cel eile cUy bol Lael VM, KOGLIM) 54 NRCRK eM je 
KK=1,8) ,MAT(M) ) (1115) 

O(NUMJK) (15) 


104352116515, 20,23518517,22,.1(M,KOEL(CM) CNP KKM), 
KK AS) *MAT(M)) (11 rr) 


The elements 3 and 8 will be generated accordingly 
with the same element code and material numbers 
given for elements 2 and 7 respectively. 


Cards for the Generation of Triangular Prisms (NUMTP 
cards) (1115) 


If NUMTP is zero (6) is to be omitted. 
1-5 M 
6-10 KOEL(M) 
11-15 NP(1,™) 
16-20 NP(2,M) 
21-25 NP(3,M) 
26-30 NP(4,M) 
31-35 NP(5,M) 
36-40 NP(6,M) 
41-45 NP(7,M) 
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46-50 NP(8,M) 

591-55 MAT(M) 

In the example shown in Fig. B.2, NUMTP=3. The cards 
set up would be as follows: 
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4,17,8,8,17,1(M,KOEL(M),(NP(KK,M) ,KK=1,8), 
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for the Generation of Tretrahedra (NUMTH cards) 
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If NUMTH is zero (7) will be omitted. 
1-5 M 

6-10 KOEL(M 
11-15 

16-20 NP 
21-25 NP 
26-30 NP 


36-40 NP 


) 
M) 
M) 
) 
»M) 
) 
M) 
41-45 ) 
»M) 


NP(1 
NP(2 
(3,M 
(4 
31-35 NP(5,M 
NP(6 
NP(7,M 
46-50 NP(8 


51-55 MAT(M) 


In the example shown in Fig. B.3 NUMTH=1. The card set 


up would be as follows: 
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Cards for Changing the Material Numbers for Certain Ele- 
ments 


(a) Control Card to Change Material Numbers (1 card) (15) 
1-5 MATN 

(b) Cards to Change Material Numbers (MATN cards) (215) 
1-5. eM 
6-10 MAT(M) 
As the material number for the generated elements 
will be the same as that assigned to the element 
given as input, it would sometimes be necessary to 
alter the material number in some of the gene- 
rated elements. When these changes are not necessary 
MATN is equal to zero and (b) is omitted. 

Overburden Factor Control Card (1 card) (I5) 


1-5 NOBSET (If the analysis is linear NOBSET=0 and 
Clos s: omitted) 


Overburden Factor Cards (Number of cards = NOBSET) 
(2. 5—@b 10.0) 


1-5 M Element number 
6-10 NSET 


11-20 OBFAC( ) To be given only if the value is not 
equal to one 


The following example provides an explanation for (9) 


and (10) 


3 is density of material 
for elements 15 to 17 


Yo is density of material 
for elements 9 to 14 


vy is density of material 
for elements 1 to 8 


wise: 
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When a non-linear analysis has to be performed for gravity 
loaded structures the initial moduli are computed for 

each element considering the overburden pressure at the 
mid height of the element. In the sketch shown above 
there are 17 elements to be considered in a particular 
step. The overburden pressure at the mid height of a 
certain element say 8 is (yh, /2 + yoh, + ¥3h3) where 

¥1> Yo and Y3 are the densities of the materials and 


h h, and hy are the heights as shown. Now the over- 


ll cama 2 
burden factor can be defined for the element 8 as follows: 


OBFAC(8) = (yh, /2 zt Yoh, 53 ygh,)/y,h,/2). 


If for example h, ~ h, = h, = h and uty Noe eager ys 
then the overburden factor control card and the overburden 


factor cards will be as given below: 


NOBSET=3 
M NSET OBFAC(M) 
3 2 3.0 
6 2 5.0 
12 20 Lune 3.0 


OBFAC(M)=1.0 is automatically set in the program and 

hence need not be supplied in the data. In the present 

example elements 1,2,9,10,11,15,16 and 17 will have an 

overburden factor equal to unity. 

T ilaxialt West Matal Conttroll GandiX]i card) (215,F10.0) 
1-5 NCELP 
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6-10 NSTRN 
11-20 CONFAC 
Lépthenanalysisqiss linearaa blankacard+fore (14 )etoabe 
Supphaedeandi ile) AAS) he (14)eare omitieds 
Cell Pressure Card (1 card) (10F5.0) 
If the test results are to be supplied say at 0,5,10,30 
and 40 psi cell pressure values the input is as follows: 
1-5 0.0 
6-10 520 
11-15 10.0 
16-20 30.0 
21-25 40.0 


Axial Strain and Deviatoric Stress Cards (Number of 
cards = NSTRN) (11F5.0) 


Each card will have the axial strain punched in the first 
five columns and the deviatoric stresses corresponding to 
the various cell pressures (given in (12)) at that parti- 
cular axial strain are punched in the subsequent columns. 


Axial Strain and Volumetric Strain Cards (Number of 
cards = NSTRN) (11F5.0) 


Each card will have the axial strain punched in the first 
five columns and the volumetric strain corresponding to 
the various cell pressures (as given by (12)) at that 


particular axial strain are punched in the subsequent 


columns. Volume expansion is to be neglected while giv- 


Tug ethewyvalumetric Strain input. 


Card for the Termination of Execution After the Generation 
of Element and Nodal Data (1 card) (I5) 


1-5 KTERMI (KTERMI=1 terminates execution and 
KTERMI=0 does not terminate execution) 
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When the data is run for the first time it is preferable 

to terminate the execution after the generation of ele- 

ment and nodal data so that the correctness of generation 

can be verified. Also the correct value of MBAND computed 

during this first run can be utilized in setting the 

dimensions of certain vectors in MAIN PROGRAM as des- 

cribed in (21). 

Card=to Control Iteration Option (1 card) (15) 

1-5 ITOPT (ITOPT=1 causes each step to be analyzed 
twice and ITOPT=0 causes each step to be 
analyzed only once. In the case of a linear 


analysis ITOPT=0) 


Card to Indicate the Number of Steps and the Option for 
the Consideration of: Shear Failure (1 card) (215) 


1-5 NSiEP 

6-10 NSHEAR (NSHEAR=1 causes the shear failure to be 
considered and if NSHEAR=0 shear failure 
is not considered) 


Card to Read the Number of Evements slnvolved i hva 
Pantieutarts tép el] “cardyeers) 


1-5 NUMELS 


Card to Read the Number of Nodal Points at Which Incremental 


Loads or Displacements are Prescribed in a Given Step 
(iifea rd) KODS) . 


1-5 NBOUN 


Cards that Input Incremental Nodal Loads or Displacements 
(NBOUNMcards))) G@l553F 10140) 


1-5 N 
6-15 U(N) 
16-25 V(N) 
26-35 W(N) 
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or the prescribed displacements in x, y and z directions. 
In a particular coordinate direction if a displacement 
boundary condition is specified then the read quantity 
becomes a prescribed displacement in that direction; 
otherwise it is taken as a prescribed force in that 
direction. It is not possible to prescribe a force and 

a displacement simultaneously in a given direction at a 
given nodal point. 


Procedure to Set the Dimensions of the Arrays in the 
MAIN PROGRAM 


The dimensions of these arrays are based on the half-band 
width and the number of equations which in turn depend on 
the problem. So it is necessary to know the value of the 
half-band width and the number of equations for the pro- 
blem on hand to set the dimensions of arrays in MAIN 
PROGRAM. Because of the facility provided to terminate 
the execution of the program after the generation of the 
element and nodal data, and the calculation of the half- 
band width (MBAND) in subroutine READIN, it is not necess- 
ary to know the correct value of MBAND beforehand. An 
arbitrary value of say 100 can be assumed during the 
first run for setting the dimensions of arrays in MAIN 
PROGRAM. The dimension of these arrays do not effect 

the execution up to the generation of nodes and elements. 
After obtaining the correct value of MBAND the dimensions 
of the arrays in MAIN PROGRAM are reset for the final 
run. The number of equations (NE1) is given as three 


times the total number of nodes involved in the problem 
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on hand. The dimensioning of arrays is as follows: 


DIMENSION B(NE1),A(MBAND,2*MBAND) ,BL(MBAND) ,BR(MBAND) , 
AL (MBAND**2) ,AR(MBAND**2) 


BQUIVALENCES (Bl) BUUTON . ( 
AL(1)),(A(1,MBAND+1) ,AR(1) 


NE1T=3*NUMNP 


meena e dy NCAT) 


MB1=MBAND 


The quantities that appear in MAIN PROGRAM of the listing 
given in Section B.8 correspond to the value of MBAND 


equal to 114 and NEI equal to 405. 


B.6 Control Cards to Create Sequential Files and to Run Data 
The following control cards were used to create the 
sequential files and to run the data: 

— $CREATEB-TBTYPE=SEQBSIZE=nT 
$CREATEB-TEMP2BTYPE=SEQBSIZE=nT 
$RUNB-LOAD#B1=-TB2=-TEMP2 

The value n representing the number of tracks was obtained 


using the procedure given in Section B.3.2 


Bey Output of the Results 
The following results are obtained as output: 
(ale) The complete nodal and element data with the initial 
values of the elastic parameters assigned to each element. 
(2) Cumulative nodal displacements, stress and strains for 
elements and nodes for each step of the analysis. 
(3) Element principal stress and strains for each step of 


the analysis. 
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Elastic parameters assigned to each element in each 


step of the analysis. 


Bis tina ot Program 


A listing of the computer program appears after the Fig. B.4, 
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FIG, B.2 APPROXIMATE CPU TIME FOR SOLUTION 
OF EQUATIONS IN 3-D PROGRAM 
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SECTION 3 


THREE DIMENSIONAL VIEW OF A MODEL 
DAM [ ELEMENT NUMBERS ARE CIRCLED | 
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SECTION 3 


FIG, B.4 SECTIONAL VIEWS OF MODEL DAM 
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THREE DIMENSIONAL FINITE ELEMENT PROGRAM USING I SOPARAMETRIC HEXAHEDRA 
WITH 24 OEGREES GF FREEDOM PER EACH ELEMENT. EQUATIONS ARE SOLVEO BY 
GAUSSIAN ELIMINATION IN BLOCKS. 


DEVELOPED & CODED BY AeVeGeKRISHNAYYAs CIVIL ENGs. DEPTee U OF Av l9O71e 


MAIN PROGRAM THAT CHANGES THE DIMENSIONS AND EQUIVALENCE STATEMENTS 
ACCOROING TO THE SIZE OF THE PROBLEM 


DIMENSTON 860405). AC114-6228)-eBL(114) eBRC 114) eAL( 12996) eAR(12996) 
EQUIVALENCE (BCL) oe BL CLAMP CBCLAISISBRC LD ce KCACRo DI cALCLIISCACL ATID» 
PARC 1)) 

NE1=405 

MB1=114 

MB2=2*MB1 

LA=MB1**2 

LA2=LA 

CALL MSUB( BeAr BL eo BReALoARe MBI eMB2eLAsLA2 NEL ) 

sToP 

END 


SUBROUTINE MSUB( AP sSTIF sAPLeAPRe STIFL oSTIFReoMB1»MB2eLAsLA2,NE1) 


THIS IS THE MASTER SUBROUTINE WHICH CALLS OTHER SUBROUTANES REQUIRED 
FOR ANALYSIS. IT INTERPOLATES THE ELASTIC PARAMETERS FOR EACH STEP. 


COMMON NANLYSeKSHIFT.s ROA 350) oX( 450) 6 V¥( 450) 6 Z( 450) eU( 450) eV 450) 6 
1W( 450) -SGTEL( 3506 6) e SGTPS( 35067) oe STRNT( 350 06) eSTNT(450 03) 
2 ECMI(3e2deSTRN( 6) cESTIF( 24524) v9ECM( 606) cEBM( 60 24) cESM( 6024) oe WT 
COMMON NUMNP»NUMELe NE2e KODE( 450) 0SGTNP( 45006)» 

INP (Go 350) eMATCK 380) eMBANOoNEQo MeL M( 24) oKOEL( 350)¢6 
2PSY(52) sETA(S2) oe ZTA( 52) 0 AQ(43) 6 PP(24 Do ELOISP( 24) 
BKOUNT( 450) 0SIGAC 45006) eSTN( 45003) eSIGEL (6) ¢SIGP(7) »eNUMBLK> 
4 DISPX(450)e6DISPY( 450) .01SPZ( 450) 

COMMON EBULK( 350) -EDEV( 350) eNITERcITOPT»ACOEF( S)eBCOEF( S)eSTP(3) 
COMMONZ AREAL/ST( 20 05) oSL11005)0S0(20+ 1005) oVS( 2001005) eNUMAT »NCELP 
1 »CONFAC»+NSTRN 

DIMENSION AP(NE1) oSTIF( MB1»MB2)cAPL (MBI) eAPR(MBI1) oSTIFL(LA2) > 
1STIFR (LA) 


C COORDINATES OF PARENT ELEMENT ARE STOREO IN THREE VECTORS 


100 
600 


101 


CALL TIME (0) 

EXTERNAL GETFD 

INTEGER AOROF.FOUB 

CALL RCALL (GETFDs2e0eADROF( *-T *%) ol pPFOUBCE100) 
CALL SETOSN(1+°-T * »FOUB.E100) 
GO TO 101 

WRITE(62600) 

FORMAT(® FILE ERROR® ) 

stop 

CONTINUE 

NE2=NE1 
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62 0O 8B T=1e504 


63 Jl=141 

64 OO 89 K=IeJ1l 
65 PSY (K)=-1. 

66 PSY (K42 )=41. 
67 89 CONTINUE 

68 88 CONTINUE 

69 00 90 T=146504 
70 ETACI)=-1e 

71 ETACI +1 )=16 

ae, ETACT¢2)=1- 

as) 90 ETACI+3)=-1o 
74 OO 9i 1=164 

7s ZTACI)=—-1le 

76 91 ZTACI+4)= Le 
77 DO 60 12 4524944 
78 Ji=I¢l 

79 OO 61 K=IeJ1 
80 PSY(K)=+0.99 
81 PSY(K42)=0.99 
82 61 CONT INUE 

83 60 CONTINUE 

84 DO €2 174504%S5.4 
85 ETA(I)=-0-99 
86 ETA(141)=0.99 
87 ETA(I4¢2)=0.99 
88 62 ETA(143)=-0-99 
89 0O 62 I1=4£.48 
90 ZTAC(1)=-0299 
91 63 ZTACI#4)=0.99 
92 CARGUMENTS AND WEIGHTING FACTORS ARE STORED IN FOUR VECTORS 
93 C TWO POINT FORMULA 
94 T1=-0.57735027 
95 T2=-(T1) 

96 O00 79 129012 
97 PSY(CT)=T1 

98 79 PSY(1*4)=T2 

99 OO 81 12901304 
100 ETA(I)=T1 

101 ETA(I41)=T1I 
102 ETACT+2)=T2 
103 B81 ETAC(I14#3)=T2 
104 ODO B82 17901522 
105 ZTACI)=T1 

106 B82 ZTACI4+1)=7T2 
107 C THREE POINT FORMULA 
108 T3=-0. 77459667 
109 T4=0-0 

110 TS5=-(T3) 

111 A1=0.55£55556 
li2 A2=0.888888889 
113 0O 85 1[=17025 
114 PSY(I)=T3 
115 PSYC 149) =T4 
116 85 PSY(I4¢18)=TS 
117 00 86 1=17+3509 
118 Ji=I¢2 

119 OO 87 K=IeJ1 
120 ETA(K)=T3 


121 ETACK4#3)=T4 
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lee 
2s 
124 
125 
126 
Meeue, 
128 
129 
130 
131 

V2 
133 
134 
135 
136 
1L37 
138 
139 
140 
141 

142 
143 
144 
145 
146 
147 
148A 
149 
150 
rst 

152 
133 
154 
155 
156 
LSz 
158 
159 
160 
161 

162 
16:3 
164 
165 
166 
167 
168 
169 
170 
Tau 

172 
res} 
174 

Wigs 
176 
ae 
178 
179 
180 
181 


ETA(K 46) 215 
87 CONTINUR 
B86 CONTINUE 
O00 92 T=17+4103 
ZTACT)=T3 
ZTACT*#1)=T4 
ZTA(T42)2=TS 
92 CONTINUE 
AQC17)=CAL**3) 
AQ( 19 )=(A1*#*3) 
AQ(23)=(A1**3) 
AQ(25)=(A1**3) 
AQC35)=(AL*&3) 
AQ(37)=(A14%3) 
AQ(41)=(A1L4*2) 
AQ(C4IZ)D=CAL*# 3) 
DO 95 1=18s28ez 
95 AQUI )=(A14#¥2) #A2 
DO 96 T=3224202 
96 AQCTT)D=CAL##2)¥N2 
AQ(21)=CA2%*2) HAL 
AQ(27)=(A2**2)#A1 
AQV 29) =(CA2€#2) Al 
AQ(31)=(A2**2)¥A1 
AQ(33)=(A2**2)¥*Al1 
AQ( 39) =(A2%*2) 4A] 
AQ(30)=(A2%*3) 
CALL READIN(CAPeSTIF cAPL ec APRe STIFL eSTIFR oMEIL eMB2eLAsLA2) 
CALL TIME( 161) 
CKTERMIDSOTERMINATES EXECUTION AFTER GENERATION OF NODAL & ELEMENT DATA 
CEEREKEEEHREEHREEOREEEK READ STATEMENT #8 Oe ERE EEE EKER EES EKER HE KEE KEES SY 
REA0(5.1015) KTERMI 
IF(KTERMIeGTeO0) GO TO 28 
C ITOPT=0 PAST STRESS SOLUTION 
C ITOPT=1 AVERAGE STRESS SOLUTION 
CHEREERESCEESERSSEERESK READ STATEMENT S88 R ROSETTE REE EHEEKEREREE EKER KKEDEEEE SE 
READ(S+1015) ITOPT 
G 
[e INITIALIZE THE TOTAL ELEMENT AND NODAL STRESSESe¢STRAINS AND 
Cc NOOAL DISPLACEMENTS 
DO 10 I=1+«NUMNP 
OISPX(1)=0.0 
OLsPvy(1)=0.0 
OI1SPZ(1)=0.0 
OO 10 J=1e6 
10 SGYNP(TeJ)=0-0 
00 15 f=1+«NUMNP 
OO 15 J=1e3 
15 STNT(1eJ)=020 
00 30 I=1.eNUMEL 
DO 30 J=1+6 
30 SGTEL( I eJ)=060 
00 31 =1eNUMEL 
OO 31 J=106 
oN STRNT( Te JI=0-0 
00 35 I=1+NUMEL 
OO 35 J=1le7 
35 SGTPS(1oJ)=0-0 
C NSTEP=NUMBER OF INCREMENTS 
C NSHEAR=0 SHEAR FAILURE NOT CONSIOERED 
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182 
183 
184 
185 
186 
137 
1868 
189 
190 
191 

192 
193 
194 

195 
196 
197 
198 
199 
200 
201 

202 
203 
204 
205 
206 
207 
208 
209 
2190 
Call} 

ee 
213 
214 
215 
216 
217 
218 
219 
220 
221 
222 
223 
224 
225 
226 
227 
228 
229 
230 
231 

232 
233 
234 
235 
236 
237 
238 
239 
240 
241 


C NSHEAR=1 SHEAR FAILURE CONSIDERED 
CeeRee eee OHHH EHKEKE SSE READ STATEMENT USE ORE Ge GRE REE HEAE EDR E REE OER ER EEE S 
READ (5-2-1000) NSTEP»NSHEAR 
DO 20 I[JK=1.NSTEP 
C NUMEL= NUMBER OF ELEMENTS CONSIDERED IN CURRENT INCREMENT 
CHEBOERSKENRHRHERSEKRHEE READ STATEMENT 4848 OR oS ROSH OK EONS EE EERE REESE SHKE RHEE S 
READ (5.1015) NUMELS 
WRIETEC6e1015) TUK 
WRITE(6e1015) NUMELS 
NUMEL=NUMELS 
C 
Cc 
Cc 
CUHEOESEHKKEHEAEHEEHE READ STATEMENT S88 SORE EEOHEUKEE EKA KE RHE OSE HEE SER ERE EEE 
READ(521015) NBOUN 
IFC NBOUN-2EQ.0)b GO TO 222 
WRITE(6.2003) 
00 206 J=1i«eNBOUN 
CEREKESRAEERERSESSEKER READ STATEMENT SF PERE EKHEKE REDE EEE ESSEEEEHEK CECRHSEEKSEEBE SS 
READ( Ss. 2020) NeUCN)I Oo VIN) Oo WKN) 
WRITE(602002) NeUCN) VIN) WIN) 
206 CONTINUE 
222 NITER=0 
205 NITER=NITER?1 
CALL ASTIFCAP+STIF + APL -APRe STIFLE eo STIFR MBL eMB2 eLAyLA2)D 
CALL TIME(1e1) 


CALL BANDICAPSSTIF sAPLeAPReSTIFLeoSTIFR» MAI eMB26l Avi A2, FDUB) 
WRITE (6¢2003) 
DO 25 N=1 ¢eNUMNP 
DISPX(N)=DOISPX(N)4AP(3*#N—-2) 
DISPY(N)=OISPY(N) 4AP( 3*N-1) 
DISPZ(N)=DISPZ(N) ¢AP(3*N) 

25 WRITE (622002) NeDISPX(N) cOLSPY(N) e CISPZ(N) 
CALL TIMEC1L el) 
IF (IT TOPT2eEQe0) GO TO 255 
IFCNITEReEQe2) GO TO 255 
O00 251 NK=1eNUMNP 
OISPX(N)=DISPX(NI-AP(3¥N-2) 
DISPY(N)=OISPY(N)-APC 3*N- 1) 
DISPZ(N) =OISPZ(N)I-APC3¥#N) 

251 CONTINUE 


255 CALL STRESS( AP eoSTIF o AFL eAPReSTIFL oSTIFRoMBL eMB2eLAcLA2) 

, CALL TIME(1 01) 
IF ONSTEP©EQeo1 eANDeITOFTEQ.0) GO TO 28 
00 26 M=i1 »eNUMEL 
MTYPE=MAT (mM) 
IFCITOPTcEQ.0) ROCM)=0.0 
IF CNITERcEQez) RO(M)=0.0 
IF CNANLYSeEQe0) GO TO 26 
AVGSIG=ABS(SGTAS(Mo1)) 
IF ( SGTPS (Me 1) «GE 0020 DAVGS IG=0 20 
DIVS=ABS( SGTPS(Me3) )-AVGSIG 
OIVS=ABS(DIVS) 
VSTR=ABS(SGTPS(Me3)) 
N=MAT(M) 
OIVSF=ACOEF(N)¢BCOEF (N) ¥ABS(SGCTPS(Me1)) 
IE ( SGTPS( Mel) eGEe000) OIVSF=ACOEFIN) 
IFCNCELPeEQ.0) GO TO 450 
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42 
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300 
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450 


SIGM1=ABS(SGTPS(Mo3)) 

SIGM2=ABS(SGTPS(Me2)) 

IFC SGTPS(Mo2)0GE e000) SIGM2=040 

SIGM3=ABS(SGTPS(Mol)) 

TF CSGTPS(Mel) oGE 0000) SIGM3=020 

SIGOCT=(S 1GM1 4¢SI1GM2¢S1GM3)/3.6 

SIGIN=SIGM1*SIGM24%SIGM3 

CONFS=SIGIN/(SIGOCT##2) 

OI VOCT=SQRT((SIGMI-SIGM2) 4#%#2¢(SIGM2-SIGM3) **24(S1GM3-SIGM1)*#2) 
OlVOCT=DIVOCT/3. 

DO 41 J=1leNCELP 

JLS=J 

IF (CONFS=SL(JeoN)) 42041941 

CONTINUE 

CONTINUE 

DO 43 K=jieNSTRN 

JSI=K 

IF (DIVOCT=SD( Ko JLS—19N)) 44043043 

CONTINUE 

CONTINUE 

00 300 K=1.».NSTRN 

JS2=K 

IF COI VOCT=SO(KeJLSeN)D) 301 0300-300 

CONTINUE 

CONTINUE 
PRI=1.061*(VS(JS1 oe JLS=1 oNI“VS(JSI=1 6 JLS~1 NI I/S(STE ISL ONI-STCUSI“16 
IN) )-1-0 

IF (PR1¢GT0249) PR1=0.49 

PR2=1.061#(VS(US26JLS oNI-—VS(US2-1ce4ULS eNIISOSTCUS2eNI-ST(IS2-1e 
1N))-1-0 

IFC PR26G6GT 00049) PR2=0049 

PR3=PR14((PR2=-PR1)*( CONFS=-SL(JLS~—1 oN)D) Z(SL( SLS 0 N)-SULC JLS—10N))) 
IF (PR3.GT 20049 ) PR3=0.49 
OIF1=SO(JS1. JLS—1 oN)I-SO(US1—1 eJLS—10N) 
ETPI=DIFI/( STC USI eN)=-ST(JUSI—1 oN)) 

GTPL=ETP1/(0 .94284( 1.+PR1 )) 

OIF 2=S0(JS2eJLS oNI—-SO{ JS2=1 0 JLSeN) 
ETP2=DIF2/( STC IS2eN)—-ST(JS2—1 oN) ) 

GTP2=ETP2/(0.9428%(1.¢PR2)) 

GTP=GTP1+ (GTP2-GTP1)*(CONFS -SL(JLS—10N) )/(SL(JILSeN) SLC JLS—1 ND) 
GTP=100.*GTP 

BULKM =GTP#2o*(1e¢PR3)/(30%( 1e-20*PR3)) 

SHE ARM=GTP 

IFC NCELP.NE~-0) GO TO 455 

CONT ENUE 


C DETERMINE WOODULT FROM OTHER TrAN TRIAXIAL DATA 


455 


CONTINUE 

IFONITEReEQei) TEBULK=BULKM 

IF CNITER -EQo2) EBULK( M)=BULKM 

IF CI TOPT eGTeOeANDeNITER oEQeol ) EBULK(M)=( TEBULKt+EBULK(M) )/26 

IF (1 TOPT cEQeO0 eANDoNITER oEQeol JEBULK(M)=TEBULK 
IFCNITER ce EQeol ) TEOEV=SHEARM 

IF CNITER ce EQeol eANDeOIVSoGE OI VSF eANDe NSHEARe GT 20) TEDEVE=EBULK(M)/506 
IF (NI TER 2EQ.2)EDEV(M)=SHEARM 

IF (NI TER cEQe2 ce AND eDIVS GE eDIVSF oAND eo NSHEAR oGT 00 JEDEV(M)=EBULK(M)/5 
10. 

IFC IT TOPT eGTeOcoANDeNITER EC ol) EDEVIMD=( TECEV+EDEV(M) D726 

IFC ITOPTcEQcecOcANDeNITERcEQol) EDEV(M)=TEDEV 

IFC EDEV(M) eGT o( 1 e4S#EBULK (M) ) FEDEVIMI=] -45*EBULK( M) 
LFCEDEV(M) oh Te (EBULK(M)/S50-)) EDEV(MI=EBULK(M) 7/50. 
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302 26 CONTINUE 


303 WRIETE(6¢ 2010) (MeEBULK( #) DEDEVIM) coROCM) oM=1 o NUMEL D 

304 IFC TYOPT.EQ-0) GO TO 20 

S05); IFCNITER o6EQe1) GO TO 205 

306 CALL TIMECIc 1d 

307 20 CONT ENUE 

308 Le 

309 1000 FORMAT( 215) 

310 1015 FORMAT(IS5) 

311 1050 FORMAT( 2F15e6) 

312 2002 FORMAT (14.3E15.5) 

313 2003 FORMAT(®L® ,1OXe*NODAL DISPLACEMENTS*//, "NODE x_DISP 

314 1v-O1SsP Z-DISP*//) 

aS 2005 FORMAT(Z/4/e1H o10Xe 21H WATERTAL PROPERTIES // 

316 11Xe BHELE > NOos4Xso GHBULK MODe o4X.IS@HSHEAR MODULUS +4xX s+ 1THUNIT WEI 
317 2GHT.//) 

318 2010 FORMATCIH sISoFl7e4eFISce3eFl 7 eG) 

319 2020 FORMAT(15.3F10.0) 

320 28 RETURN 

321 END 

322 c 

323 c 

324 SUBROUTINE READINCAP oSTIF eAPLeAPReSTIFL » STIFRoMBI eMB2eLAeLA2) 

325 Cc 

326 C THIS SUBROUTINE READS AND PRINTS MATERIAL DATAs NODAL DATAs ELEMENT CATA. 
327 iS IT GENERATES COORDINATES OF INTERMEDIATE NODAL POINTS ANO CALCULATES 
328 C THE BAND WIOTH AND NUMBER OF ECGUATIONS 

329 G 

330 Cc 

331 \€ 

332 COMMON NANLYSeKSHIFT»s RO( 350) oX(450) oV( 450) 62(450) oU(450) »V( 450) » 
Bos 1W( 450). SGTEL ( 3506 €) o SGTPS( 35007) oe STRNT ( 350 06) oSTNT(45053)6 

334 2 ECMIC3e 2deSTRN(E) ecESTIF( 28624) e0ECM1 626) sEBM(6.24) eESM( 6024) e WT 
3135 COMMON NUMNP »NUMEL >» NE2e KODE( 450). SGTNF(45006)6 

336 INP( Bs 350) eMAT( 350) seMBANDoNEQe Mel M(24) eKOEL( 350). 

SoM 2PSY(52) 0 ETAC52) eZTAL $2) »AQ143) oPP(24).ELOISP( 24), 

338 BKOUNT( 450) ¢SIGAC 450.6)6STN( 45003) sSIGEL(6) +SIGP(7).+NUMBLK, 

339 4 DISPX( 450) eDISPY( 450) .D1SPZ(450) 

340 COMMON EBULK( 350) »EDEV( 350) oNIVTERe I TOPT»ACOEF( S)eBCOEF( 5S)eSTPC(3) 
341 COMMON AREAL/SST( 2045) 6SL01005)3e0S0( 2041065) »VS(2006100¢5) eNUMAT »NCELP 
342 1» CONFACs NSTRN 

343 DIMENSION AP(CNE2) oe STIF(MB16MB2) oAPL(MB1) eAPR(MBI)OSTIFL(LA2) « 

344 1STIFR(LA) 

345 4 

346 DIMENSION HEO(18) -OBFAC(350).ROREAD( 5S)-EBREAD( S)+eESREAD( 5) 

347 C READ PRELIMINARY INFORMATION 

348 C NANLYS TO BE ZERO WHEN NUMAT=1 AND ANALYSIS IS LINEAR 

349 CHEEKS EEEREKEKESSERSESK READ STATEMENT £494 oS SRKEREKAERECESE EEK EEE REE KORE EERE EE 
350 READ (5«1000) HEO+sNUMNP >» KUMEL » NUMAT oNUMCE eNUMTPe NUMTHe NANLYS 

351 WRITE (662000) HEO»NUMNP > NUMEL » NUMAT « NUMCE oe NUMTP eo NUMTH 

352 (6 

sos C READ AND WRITE MATERIAL PROPERTIES 

354 Cc 

355 (< READ AND WRITE NODAL DATA AND GENERATE INTERMEDIATE NODAL DATA 

356 c 

357 32 WRITE(6- 2015) 

358 L=1 

359 CESROREREEEEEREEREKEE READ STATEMENT #4 OE ROORKEE EEK EKER REE EEE ERE EERE ESE 
360 READ(5+.1020) NeKODEC NI oe XC RICVINID®GZINICUCN) o VIN) OWIN)D 


361 GO TO 40 
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362 
363 
364 

365 
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369 
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372 
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382 
383 
384 
385 
386 
387 
368 
389 
390 
391 

392 
393 
394 
395 
396 
397 
398 
399 
400 
401 

402 
403 
404 
a05 
406 
407 
408 
409 
410 
ail 

412 
413 
414 
415 
416 
417 
418 
419 
420 
421 


\S 
20 READ(5+1020) No KODE (ND oXOCND OVEN) o ZEN) OUCND oVIND eo WEN) 
ON = Net 
OX =€K(N)I-XK(L))/ON 
DY =C(CYCN)-Y(LI)I/0N 
O2Z=(Z(N)-Z2(L))70N 
25 L=L41 
c 


TFC(N-L) 5040.30 
30 KX(L) = X(L~-1)4Dx 
Y(t) = VY(L-1)407 
Z(LI=Z(L-1) +02 
KODE(L)I= 0 


U(L) = 0 
vV(L)d= 0 
w(L)=0 
GO TO 25 


40 IFCNUMNP=-N)750.60.20 
750 WRITE (642025) N 
CALL EXIT 


ASSIGN PROPER CODE FOR NODES GENERATED BEFORE WITH KOQDE(N)=0 


LESS ELE EE SE SE EEE SE SE READ STATEMENY S440 Se SSSR SKK AKON EHEREKES EHRERHSK SHREK ESEEERE 
60 READ (561037) NUM} 
IF (NUM12EQ.0) GO TO 83 
OO 81 [=1,NUMi 
CHEKHKKEKEEKHHKSK SEEKERS REAC STATEMENT SORE EKEREHKESEEKERECAKEEEHSERESHRSESSEEEESE EE 
READ (5.1037) NUM] 
CHEREKERESSEREHKSSHEREE READ STATEMENT SOR OH REEEARERE EERE LERHD HE SERRE HKEKEREEEHSEEEE 
READ (51016) NeKCOE(N) 
IF (NUM2eEQ-0) GO TO 81 
DO B82 J=1i NUM] 
N=N41 
KODE (N)=KODE(N-1) 
B2 CONTINUE 
81 CONTINUE 
B83 WRITE (662020) (Ne KODECN) oX (ND Oo VIN) oo ZEN) eo UCND © VEN) eWOND oNE&1 e NUMNP) 


READ AND WRITE ELEMERT DATA 


fal Leihal teeta! 


GENERATE THE HEXAHEORA AND BASE TRIANGULAR PRISMS IF ANY 
WRITE (6.2030) 
OO 70 IJ#1.NUMCE 
CESSES RESSREKSHSEEEEH READ STATEMENT HORSE KRAHHREE EHH ERK HEHEHE SHES SEEKS EEE EEES 
READ (5.1037) NUMJK 
WRITE(601037) NU®JK 
CHERHEEREERHESEHERHEE READ STATEMENT SOK EEO REE OES EERE ERE SHREK EEE SHER SHEERS S 
READ (5-1036) MeKOEL(M) o (NPC KK eM) oKK=108) eo MAT(M) 
WRITE(601036) MeKOEL(M) o (APC KK eM) oKK=108) oMATCM) 
IF (NUMJKeEQe-0) GO TO 70 
0O 71 JK21 eNUMJK 
M=M41 
KOEL(M) =KOEL (M1) 
MAT (M) =MAT( M1) 
NPC LoMPENPCLOoM—1)941 
NPC 2eM)=NPC20.M—-1) +1 
NPC 3eM)=NP(3oM—1)41 
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422 
423 
824 
425 
426 
427 
428 
429 
430 
431 
432 
433 
434 
435 
436 
437 
438 
439 
440 
441 
442 
443 
444 
445 
446 
447 
448 
449 
450 
451 
452 
453 
454 
455 
456 
457 
458 
459 
460 
461 
462 
463 
464 
465 
466 
467 
468 
469 
470 
a71 
472 
473 
474 
475 
476 
477 
478 
479 
480 
481 


NPC4 eMPENP( 4. M1) 1 
NP (56M) =NP( Se M-1 yoi 
NP(6eMJ=NP(C6eM—1) 41 
NP (7 oM)2=NPC7eM—-1)41 
NP(B.M)=NP(BeM-1) 41 
WRITE(6e1036) MeKOEL (CM) o (NPC KK 0M) oKKE16S) eo MATCM) 
7i CONTINUE 
70 CONTINUE 
IF (NUMTP2EQ.0) GO TO 74 
Cs READ TRE TRIANGULAR PRISMS 
00 84 I[=1eNUMTP 
CRESLSTEEEEREHSHHEREEE READ STATEMENT S826 OS SHEER SERENE ReAE HEE EH OE HOES SHEE SEE ES 
READ (5061036) Me KOEL (CM) o CNPC KK oM) oKK=108) eMAT(M) 
WRITE(6.1036) MoKOEL (CM) oC NPC KK OM do KK = 168d oMATOCMD 
B4 CONTINUE 
74 {F (NUMTH-EQe-0) GO TO 75 
C READ THE TETRAHEORA 
00 73 I=leNUMTH 
CHEHOSE SE SHEREKERERES READ STATEMENT S909 OOK REERETAEKKHTEEEE ES OOS ETE OSES EE SESE 
READ (561036) Mo KOEL(#) o (NPC KK OM) cKK=1 068) eo MAT CM) 
WPITE (661036) MeKOEL CM) eo (NPC KK om) oe KKE1 08) oe MAT CM) 
73 CONTINUE 
75 IF (NUMATeEQe1) GO TO 510 
C ASSIGN PROPER MAT(M) FOR ELEMENTS WHOSE MAT(M) oNEol 
CHHERVRHKEREEHEHEESEEE READ STATEMENT SO SRK SOE SERENE HEHEHE ES HHH HOKE TESESEHES 
READ(5e1037) MATN 
IF (MATNeEGe0) GO TO $10 
CHEEREEERERSEHRERSEREEE READ STATEMENT S88 Sx OR KERERSAE RES HETECESE SEH HEEHES SOSH ESEE ES 
DO 2 I=1eMATN 
2 READ(5e1016) MeMATCM) 
510 00 200 I=1+eNUMAT 
c 
C ACOEF=2 -C*¥COS(PHID/ (1 e-SIN(PHIE )) pBCOEF=2 oS INC PHI DA CI=-SINCPHE DD 
Cc 
CHESSER SAHEEHSEEERESEESEE READ STATEMENT S82 OO DEKERESHERRE RHEE SS SEKAI EH ESE SHES HSESHSEE 
READ (5¢2057) ROREAO(1I)- EBREAD( I )eESREADES) -ACOEF( I)» BCOEF(I) 
WRITE(6.2059) ROREAC(I ) es EBREAD(I )eESREADCE) eACOEF (I) » BCOEF( I) 
200 CONTINUE 
00 140 N=1.,NUMEL 
T=MATC(N) 
RO(N)=ROREAD(I) 
EBULK(N)=EEREAD( I) 
EDEV(N)=ESREAD(I ) 
‘ OBF AC(N)=1.0 
140 CONTINUE 
CHEE EHEEEEEHEHHREEKERE READ STATEMENT 48 OU ERES ORK RE AE HS CARERS COKE OE SHEERS SHES 
READ (561037) NOBSET 
IF (NOBSET-EG-e0) GO TO 150 
DO 145 I=1.eNOBSET 
CHEHEAREKEREKEREEEERE READ STATEMENT ©8968 OF OE RREERER EERE EH EE ESSERE SEES ESESESE ES 
READ (5-1050) MeNSET+OBF AC(M) 
IF (NSET2EQ2.0) GO TO 145 
DO 155 J=1eNSET 
M=M41 
155 OBFAC(M)=OBFAC(M-1) 
145 CONTINUE 
CHEREKEEREE SESH HROREEKE READ STATEMENT 88 OR HOES R EL HEHE REAR ERE AES OH SRS ERSERSS 
150 READ( 501050) NCELP»eNSTRNs CONFAC 
IF(NCELP%EQ20) GO TO 100 
CALL TESTO 
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AT2 Qa58 @a« Pera eeeeoeee 

WGTEMVGIEDA (00 61sE)CASR 

OG: OF Be 40203.9.u990)%) 
ov2ar 3542 


482 
483 
484 
485 
486 
487 
488 
489 
490 
491i 
492 
493 
494 
495 
496 


497. 


498 
499 
500 
$01 

602 
803 
504 
505 
506 
507 
508 
509 
$10 
511 

512 
513 
514 
515 
$16 
517 
518 
519 
$20 
$21 

$22 
523 
$24 
525 
526 
527 
528 
529 
$30 
531 

532 
533 
534 
535 
536 
$37 
538 
$39 
540 
541 


18 


720 
7ai 


790 
791 


$0 
$1 


s2 


600 


00 600 M=) .NUMEL 
IF(RO(M)-LE0-0) GO TO €00 
N=MAT(M) 

NC OUNT=0 
DEPTH=(AB5(Z(NP( 50M) )-ZCNPCLoM))P+ABSCZENP(G0M) D—ZENPC 20M) DD 
1¢ABSCZ( NPC 7M) D—ZONPC 30M) ) D+¢ABSIZ(INP (80M) P= Z(NP(4-M) DDD eO0125 

OBP=DEPTH*RO(M) SOBF AC (M) 

AVGSIG=0BP#0.5 

NCOUNT=NCOUNT¢1 

SI1GM1=0B8P 

SIGM2=AVGSIG 

SIGM3=AVGSIG 
SIGOCT=(SIGMI¢SIGM2¢S IGM3)/36 
SIGIN=SIGMI*SIGM2*SIGM3 
CONFS=SIGIN/(SIGOCT##2) 

OL VOCT=SQRT( (SIGMI-S IGM2)¥%24+(SI1GM2-SIGM3)4*24(SIGM3-S IGM )ee2) 
Ol VOCT=OIVOCT/3. 

O00 720 J#1.»NCELP 

JLSsJ , 

IF ( CONF S-SLOJeN)) 72107200720 

CONTINUE 

CONTINUE 

00 790 K#il»NSTRN 

JSI=K 

IF(COIVOCT=$SO( Ke JLS-10oN)) 7916790+790 
CONTI NUE 

CONTINUE 

00 SO K#®1l«eNSTRN 

JS2=K 

IF(COIVOCT<SO(KeJLSeN)D) 51280050 

CONTINUE 

CONTINUE 

PRI ZL. O618(VS( IS] eJLSH-1l eNIKVS( ISI oe JLS=1 OND ISI STC ISD oNI=“STCUSIHLe 
IND) =1-0 

TFC PR1eGT e249) PRI#0 049 
PR2=ZLCOGIS(VS(US2eJLS  weNIK“VS(IS2-Le ILS eNIIS(ISTIIS2eNI—-ST(US2—1, 
IN) )=120 

TFC PR2eGTe0249) PR2#0.49 
PRIZPRI+((PR2=PRII*( CONFS<SL(JLSH1 NII Z( SLI ILSeND=SLCILS—be NDS) 
IFC PR3eGT e649 ) PREF0.49 
CONST=PR3I/(1e-PR3I) 

HPR=OBP*CONST 

HPR= (HPR+AVGSIGI/26 

CSTRS =ABS( HPR-AVGSIG) 

IF (NCOUNTeGEe21) GO TO S2 

IF ( ABS(HPR—AVGSIG) eL TeO-01) GO TO S2 
AVGSIG#HPR 

GO TO 18 

WRITE(60125) Me NCCUNT eHPReCSTRSePRS 
OIF1#S0( JSleJLS—1 oNI—SO( USI-1 oJLS=1 ND) 
ETPLEOLIFIZCST( ISL eNI—-STCUSI=1 OND) 
GTPIZETP1/4(009426%(1.4PR1 )) 

OIF2sS0( JS2e ILS eoN)—-SO(US2-1 eJLSeN) 
ETP2=O1LF2/(ST(IUS2eN)—-ST(JS2-1 oN) D 

GTP 2zETP2/( 0.9928%(1.4¢PR2)) 

GTP=GTP1* (GTP2—GTP1 )S@(CONFS <SL(JLS—16eN))7( SLC ILS eNI SLO JLS—te ND) 
GTP2=100.*GTP 

EBULK (M)=GTP 42.4010 ¢PRIIS( 30% (1 0-2. UPR) ) 
EDEV(M)3GTP 

CONT INUE 
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$42 
543 
544 

545 
546 
547 
548 
549 
550 
$51 

$52 
553 
554 
555 
556 
SSir 
558 
559 
560 
$61 

562 
563 
564 
565 
566 
567 
568 
569 
$70 
$71 

572 
573 
574 
$75 
576 
S77 
578 
579 
580 
$81 

582 
583 
584 
585 
586 
587 
588 
589 
§90 
§91 

592 
593 
$94 
595 
596 
$97 
$98 
$99 
600 
601 


100 


310 
76 


80 


IF (NCELPeNE-O0) GO TO 310 

IF (NANLYSeEQG-0) GO TO 210 
C ASSIGN MODULI FROM OTHER THAN TRIAXIAL DATA 
00 76 M=1.NUMEL 
WRITE(6¢1036) MeKCEL(M) o (NPC KNoM) oKN=108) oMAT(CM) 
WRI TE(6-2005) 


WRITE(662010) 


(Me EBULK(M) eE0E VIM) oROCM) o M=1 6 NUMEL D 


DETERMINE BAND WIOTH ANO NUMBER OF EQUATIONS 


L=0 


DO 8O M#1 .NUMEL 


(oye) 
Il= 
00 
K= 
IF 
CON 


AO 1107 
11 
80 J=II.8 


TABS(NP( Te M)—-NPC SoM) ) 


(K eGTel)d 
TINUE 


L=K 


WRITE (6¢ 3000) 


MBAND=3*#(L41) 


NEQ 


WRITE(6e2040)MBANOeNEOI 


1=3*NUMNP 


IF (MBANDeLEe300 )GO TO 90 
CALL EXIT 


FOR 


MAT ( u 


RETURN 


READIN COMPLETED * ///) 


C FORMAT STATEMENTS 


125 
1000 
1016 
1036 
1037 
2000 


2005 


1010 
2010 
2012 
2015 


1020 
2020 
2025 
2030 


1035 
2040 


2050 


FORMAT (215+ 2E15e60F 805) 

FORMAT(1BA4/ 716) 

FORMAT( 215) 

FORMAT(I119) 

FORMAT(I5) 

FORMAT (IHL e10X01GASe S/// 

1 1H e 26H NUMBER OF NODAL POINTS = o16/ 

2 1H « 26H NUMBER OF ELEMENTS = ol6/ 

3 1H 6 26H NUMBER OF MATERIALS. = 16/ 
4 1H » 26H NUMBER OF HEXAs READ = eo 16/ 

S 1H e 26H NUMBER OF PRISMS = »16/ 

6 1H » 26H NUM@ER OF TETRAHEORA = o16) 

FORMAT(/// 01H 610Xe 21H MATERIAL PROPERTIES // 

11Xs BHELE« NOee4Xs SHBULK MODs r4Xe14HSHEAR MOOULUS*e4X+11HUNIT WEI 
2GHTe//) 

FORMAT (6X eF12¢0e2F6eC) 

FORMATCIH olSeF17eSeF 1 Se3eF 1704) 

FORMAT (Fl? o4oF1Se30F 1704) 

FORMAT(® 1% eL0Xe "NODAL POINT INPUT*//.*NODE KODE XCOORD Y 
1 cOORO Z COORD xX FORCE Y FORCE Z FORCE*//) 


FORMAT(21506F 520) 


FORMAT (1401606F 1263) 


FORMAT(1HO.28H ERROR IN NOOAL DATAeNODE = 
FORMAT(®1%e10Xe* ELEMENT DATA®///e*ELEM EL CODE Ni N2 N3 N4& 
7 N@ MAT eRUMe® //) 
FORMAT (616eF6.0) 


1 NS 


FORMAT(///10Xe°® 


1 


FORMATCZ// 10K» 


N6 N 


BAND WIOTH 


=°,16/ 


10Xe*NUMBER OF EQUATIONS =*ol6) 


14) 


33H PROBLEM EXCEEDS SPECIFIED LIMITS ) 
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602 
603 
604 
605 
606 
607 
608 
609 
610 
611 
612 
613 
614 
615 
616 
617 
618 
619 
620 
621 
622 
623 
624 
625 
626 
627 
628 
629 
630 
631 
632 
633 
634 
635 
636 
637 
638 
639 
640 
, 641 

642 
643 
644 
645 
646 
647 
648 
649 
650 
651 
652 
653 
654 
655 
656 
657 
658 
659 
660 
661 


2051 
2052 
2053 
2055 
2056 
2057 
2059 
1050 
2060 


a) 


(o) 


To 


OLOlOs Gat 


Cee ee 


15 


FORMAT(5F5.0) 

FORMAT(6F5.0) 

FORMAT(4'O%.10Xe*STRESS - STRAIN RELATIONSHIPS. FOR MATERIAL *. 16/7) 
FORMAT 1X *LATSTRESS® 06X%e5F8-3/) 

FORMAT (1X e®*STRNo#® 6 IX oF Ce2eS5FGe3/) 

FORMAT(SF10-0) 

FORMAT(5F1S5.6) 

FORMAT(2150F10.0) 

FORMAT(SF1022) 


ENO 


SUBROUTINE TESTO 


THIS SUBROUTINE CONVERTS TRIAXIAL TEST DATA FROM CONVENTIONAL FORM 


INVARIANT FORM. 


DIMENSION SL(10 05) 6SO00 20-1005) eVS(20610 eS) esSIGINV( 2001005de6 
1VSTN( 20.1095), 

COMMONZAREAILZ 

1 ST(2005) eSIGINT( 1005) oe TOCTO( 20010 05) e GOCT ( 20061025) e NUMAT » 
INCELP»CONFACeNSTRN 

OO 10 N=1eNUMAT 

COKER AER EERHEERERREAD STATEMENT #4 SORE OEE EERE RES EEE SEEKS E 
READO(S5e1010) (SLC JoN) oe J=1 eNCELP) 

00 1S J=1e+NCELP 

SLO JoN)=SLO Se N) *CONFAC 

SIGINT ( JeN)=SLO JeN) 

CONTINUE 

0O 20 K=1eNSTRN 


CEHREREEREREREEEREREE READ STATEMENT 468 KOR ERE ERKEREREEKEEEEKS EOERREEESREREKERES 


25 
20 


READ(S521020) ST(K oN) eo (SOC Ke Je N) o J=1eNCELP) 
DO 25 J=1eNCELP 
SO(KeJeN)=SO(KeJoN) *CONFAC 

CONTINUE 

CONTINUE 

WRITE (6461030) N 

WRITE(651040) (SL(JeN) 0 J=1eNCELP) 

00 30 K=1+eNSTRN 


CEREEEREEEREREREREREK READ STATEMENT O88 OSES REE RKEOHSEREESE ES OOHEEEE EERE EE EEEE 


30 


35S 
10 


51 
50 
45s 


READ (501020) ST(KeN) eo (VS( Ke JoN) ce JZ=1oNCELP) 
WRITE(621050) STK oN) eo (VS(KodJoN) op JE1 oNCELP) 
CONTINUE 

00 35 K=1+NSTRN 

WRITE(6e¢1050) ST(K oN) o(SO( Ke JeoN) eo J=1 eNCELP) 
CONTINUE 

CONTINUE 

DO 40 N=1+NUMAT 

00 45 J=i1eNCELP 

00 SO K=1»NSTRN 

PROD= (SLO JoN) *€#2)%(SC( Ke Jo NDFSE( JON)? 
SIGOCT=SL(JeoND+( SOC Ke JeN) D730 

IF (JcEQeleANDOeKeEQe1) GO TO Sl 

SIGINV(KeJeN) =PROD/(S IGOCT **%2) 

TFC JS cEQel eANDeKeEQol) SIGINV( Ke JoNI=000 
CONTINUE 

CONTINUE 

0O 70 I=1.eNCELP 

00 55 K=1+eNSTRN 
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662 DO 60 J=1eNCELP 


663 JLS=J 

664 TFCSIGINTCL eNI-SIGINV( Ke JeoN) 61260260 

665 60 CONTINUE 

666 61 CONTINUE 

667 TOCTO (Ke TeN)=SD(K eo JILS<—1 oN) 4 (SOC Ke ILS oN) -SO(K oe JLS—-1L ON) *CSTGINTCION 
668 VI-SIGINV( Ke JLS—-1 oN) ISCSIGINV( Ke Jl SeoN)-SIGINV( Ke ILS—-1 6N)) 

669 TOCTD (Ke TeoN)=TOCTO( Ke IeN) 90064714 

670 VSTN( Ke IT eND=VSC Ke JLS—1 oN) tC VS( Ke ILS oN)—-VS (Ko JLS—1 90ND) *(SIGINTC ION) 
671 1-SIGINV(K oe JLS-1eNDIS(SIGINVGi Ks JLSSN)-SEGINVO Ke JLS-16N)) 

672 GOCT(K eT eNI=004714*(3.*ST(KeN) -VSTN( Keo Te N)) 

673 55 CONTINUE 

674 70 CONTINUE 

675 WRITE(6.1031) N 

676 WRITE (621041) (SIGINT(CIT oN) oT=1eNCELP) 

677 OO 75 K=1+«eNSTRN 

678 75 WRITE(6- 1050 9ST(KeN) oe ( TOCTO( Ke TeN) eo L=1eNCELP) 

679 OO 80 K=1+NSTRN 

680 BO WRITE(641050) ST(KeN) eo (GOCT( Ke JeN) se J=1 »NCELP) 

681 40 CONTINUE 

682 1000 FORMAT( 215,F1C.0) 

683 10210 FORMAT(10F5-0) 

684 1020 FORMAT(11F5.0) 

685 1030 FORMAT(C*O0%s *O0ATA IN CONVENTIONAL FORM FOR MATERIAL NOo*2 I15/Z) 

686 1031 FORMAT(*0%s* DATA IN STRESS INVARIANT FORM FOR MATFRIAL NOe *,15/) 
687 1040 FORMAT (1Xe*LATSTRESS® 06X51 0F 8.3/) 

688 1041 FORMAT(1Xs*J3/(SIGOCT )*¥¥2° - 1X ,1LOF 8.37) 

689 1050 FORMAT(1Xo*STRAIN® 5 3X oF 6e2e10F823/) 

690 1060 FORMAT(I5) 

691 1070 FORMAT(3F10-0) 

692 1071 FORMAT(3F8.324F12.4) 

693 RETURN 

694 END 

695 G 

696 SUBROUTINE ASTIFCAPsSTIF cAFL eAPRe STIFL eo STIFReoMBI MRA oLAsL A2) 

697 G 

698 C THIS SUBROUTINE TAKES EACH ELEMERT IN TURN ANDO FORMS THE ELEMENT STIFFNESS 
699 C MATRIX (BY CALLING ELSTIF)-2IT ASSEMBLES THE ELEMENT STIFFNFSSES [NTO 
700 C TOTAL STIFFNESS MATRIX »« ASSEMBLES THE APPLIEC LOAD VECTOR €& MODIFIES 
701 C THE ASSEMBLAGES FOR OISPLACEMENT BOUNDARY CONDITIONS ( BY CALLING 

702 C MOOIFY). 

703 Le 

704 COMMON NANLYSe¢KSHIFT*e ROC 350) 0 X( 450) ».¥( 450) 420450) 6U(450) eV(450), 
705 1W( 450) »-SGTEL ( 2500 €) oe SGTPS( 35007) 6 STRNT( 35006) eSTNT( 45063 )6 

706 2 ECMI(C3e¢2)e¢STRNC6) eESTIF (24024) 0ECM(6.6)eEBM(6424) oESM( 6024) owt 
707 COMMON NUMNP»« NUMELe NE2e KODE( 450) +SGTNP( 45006)» 

708 INP( Be 350)¢MAT( 350) eMBANC eNEGeo MeolLM( 24) eKOEL( 350), 

709 2PSY(52) .ETACS2) oZTACS2) » AQ(43) eo PP(24) vELDISP(24) » 

710 BKOUNT( 450) 6SIGAC &2500E)eSTN( 45023) »SIGEL(6)6SIGP(7)+NUMBL Ke 

7il 4 OISPX(450).-DISFY(450) —DI1SPZ2(450) 

712 COMMON EBULK( 350) -EDEV( 350) eNITERe IT TOPToACOEF( 5) sECOFF( S).STP(3) 
rer Ws) COMMONZAREAIL/ST( 2065) eSL(1025)2SD0(2001005) eVS(20¢10¢5) sNUMAT »NCELP 
714 1 eCONFAC eNSTRN 

715 OIMENSION AP(NE2) ¢eSTIF(MB1e+MB2) eAPL(MRB1)e APR(MBI) eSTLFL(L AZ)» 

716 ISTIFR(LA)D 

717 Cc 

718 INTEGER*2 LEN 

719 NBY TES=MB AND*MBAND*4 

720 ; FNUMRC=FLOAT(NBY TES) 432000 


721 NUMREC=NBYTES/32000 


i a _ es oo a 2 oF yy £5 -, — ?* i 
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(OPE .ereMT 


o> aoe Ponte pxaeaa : 

(RW A6te PITT CA pHBIDAy Tats -nSeT wf Bs (088 Hae : 
Pedy TAPIA 1D 001 OS DEV 0 1 oy Ole OS 108+ OP OE Ee OORT 9° 7 
7 > 7 > ia mm vt 


aa 
- ; 
(8A Pe Te pean 1SMD F8  COMe LUM POE 


7 


- 


rb: 


gipengeeganieatszzozes 


- 

= 

= 
a 


ee 


C22 TF CCF NUMRC-~NUMREC )eGT e020) NUMREC=NUMREC? 1 


tes 600 FORMAT( *FILE ERROR IN ASTIF®) 
724 Cc 

725 ce INITIALIZATION 

726 (e 

727 REWIND 2 

728 NB=MBANDZ 2 

729 NO=3*NB 

730 NEQ=2*ND 

731 NUMBLK=0 

732 (e 

733 0O 10 IT=1.NEQ 

734 AP(1)=0.0 

Wels) 00 10 J=1eND 

736 10 STIF( JeoT)=020 

“37 DO 21 I1=1+6 

738 0O 21 J=1.6 

739 ECM(TeJ)=0-0 

740 21 CONTINUE 

74) Cg; 

742 Cc FORM ELEMENT CONSTITUTIVE MATRIX (ECM) TF NUMAT=1) 
743 IFCNUMAT eNEe1) GO TO 20 

744 IFC NANLYS.~NE20O) GO TO 20 

745 (¢ 

746 COM1 =EBULK(1)41.33333*EDEV(1) 
747 COM2=EBULK(1)-0.666667#EDEV(1) 
748 COM3=EDEV(1) 

749 ECM(1e1)=COMI 

750 ECM(2e2)=COM1 

751 ECM(3-3)=COM1 

752 ECM( 424) =COM3 

os ECM(5e5)=COM3 

754 ECM(6e6)=COM3 

mos ECM(1.22)=COM2 

756 ECM(1.3)=COM2 

757 ECM(2¢1)=COM2 

758 ECM{2.3)=COM2 

759 ECM(3e1)=COM2 

760 ECM(3,2)=COM2 

761 DET=COM1 € #342. *CCM24* 32-3, COM1 COME HH? 
762 COM4=(COM1I**2-COMZ4* 2 D/DET 
763 COMS=(COM2**2-COM1*C CM? )/0FI 
764 ECMI (1-1)=COM4 

765 ECMI(262)=CCM4 

766 ECMI(03.3)2=COM4 

767 ECMI(1¢2)=COMS 

768 ECME(1-¢3)=COMS 

769 ECMI (2+61)=COMS 

770 ECMI(22.3)=COMS 

Cou ECMI(3e1)3=COMS 

772 ECMI(342)=COMS 

TA fe! c 

774 < FORM STIFFNESS MATHIX IN BLACKS 
TUS) 20 NUMBLK=NUMBLK41 

776 NH=NB* (NUMBL K41 ) 

Tas NM=NH-NB 

778 NL=NM-NB41 ' 

779 WRITE(6 61901) NUMAL Ke NL) NM 
780 K SHIFT=3¥*NU- 3 


78) 00 110 M=1eNUMFL 
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abe 4: ae 


782 
783 
784 

785 
786 
7ea7 
788A 
789 
790 
791 

792 
793 
794 
795 
796 
797 
798 
799 
800 
BOl 

802 
B03 
804 
6805 
806 
BOT 
808 
BO9 
810 
811 

B12 
813 
B14 
815 
816 
B17 
618 
819 
820 
821 

822 
823 
B24 
825 
826 
827 
828 
829 
830 
831 

832 
833 
B34 
835 
836 
637 
838 
839 
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841 


25 


30 
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40 
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100 


110 


62 


61 


72 


82 
78 


TF CMAT(M)DDL102110.25 
OO 35 [=1e8 

TF CNPCT «MI—-NL) 3562030 
TF CNP CT eo M)-NM)40-40.35 
CONT INUF 

SOTO 2 10 


CALL ELSTIFCAP STIFF cAFL pAPReSTIFL eo STIFReMFI eMBA ol AsL Ao 1) 
MAT(M)=-MAT(M) 

ASSEWBLIE ESTIF INTO YOTALC STIFFNESS MATRIX 

OO 75 1=1-8 

T2= 341 

LM(T2)=3*NP(C IM) 

LM(T2-1)=LMCT2)-1 

LMC 12-2 d=LM(12)-2 


DO 100 1T=1024 

TI=LM(1)-KSHIFT 

DO 100 J=1+24 

JJ=LM(SI)-TI41-KSHIFT 

IF(JJeL E20) GO TO 100 

STIFCJIoLIV=STIFCIJJo TID FESTIF (IJ) 

CONTINUE 

ADD GRAVITY LOAOS IN TQ AP WECTOR 

DO 46 1=3%24.3 

ITI=UM(1)+KSHIFT 

APC IT II=AP(CTI)-—WT 

CONTINUE 

WRITE(641000) 

WRITE(641002) (MeMAT(M) oM=1 oe NUMEL ) 

ADD NODAL LOADS INTO AP VECTOR 

DO 51 N=NL>+NM 

N2=3*N-KSHIFT 

AP(N2)=AP(N2) 4¢WO(N) 

AP(N2—-1)=APCN2-1)4V0N) 

AP(N2~2)=AP(N2-2) +U0N)9 

MODIFY STIFFNESS AND LOAD VECTOR FOR DISPLACEMENTS 

00 102 N=NLeNH 

IF QCN-NUMNP) 111061112102 

N2=3"N-K SHIFT 

IF (KODE(N)-10)82e72s€2 

IFC KODE(N) eEQ0e12)GO0 TO 61 

IK=N2-1 

CALL MODEIFY(APeSTIF ec APL sAPRoSTIFL eo STIFReMBL eMB2eLAvLA2e IKeyN) 
CALL MODIFYCAP sSTIF so APLeAPRe STIFL eSTIFReMBI eMB2eLAeLA2sN2eN) 
GO TO 102 

IL=N2-2 

IK=N2-1 

CALL MODIFYCAPR+STIF « APL eAPReSTIFL sSTIFRoME1 oMB2eLAoLA2e IKeoN) 
CALL MODIFY(C AP sSTIF cAPL eAPRe STIFL eo STIFRoMBI eMB2eLAoLA2eN20N) 
CALL MODIFY( AP. STIF «APL sAPReSTIFL oSTIFReMBI eMB2eLAeLA2e ITI oN) 
GO TO 102 

II=N2-2 

IK=N2-1 

CALL MODIFY(C APs STIF cAPL cAPReSTIFL eo STIFReMBI eMB2eLAcLA2ZoITI oN) 
CALL MOOLFYCAP +STIF eAPLeAPRe STIFL oeSTIFRoMBIL oMB2sLAvLA2eIKeN) 
GO TO 102 

TEC KODE(NI~1)102676e101 

CALL MODIFY( AP eSTIF eAPL eAPReSTIFL e STIFReoMBI eMB2ceLAeLA2eN2eN) 
GO TO 102 
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MMe Se Shea dy SOM, COM. ATE 


101 TF(KOOE(NI-3) 10501066107 
106 [II=N2-2 


CALL MODIFY (APoSTIF sAPL sAPReSTIFL oSTIFReMBI oMB20LAcLA2e II oN) 
GO TO 102 

105 IK=N2~1 
CALL MOOLFY CAP »STIFs AFLoAPR, STIFL oSTIFR oMBI oMB2eLAcLA2eIKeN) 
GO TO 102 


107 ITI=N2-2 


CALL MODIFY (APs STIF +s APL eAPRe STIFLeSTIFRoMB1L oMB2eLAcLA2eTIoN) 
CALL MOD IFY(APsSTIF oe APL eAPReSTIFL oSTIFReMBL oe MB2sLAvLA2eN2eN) 


102 CONTINUE 


WRITE BLOCK OF EQUATICNE ON DISC AND SHIFT UP LOWER BLOCK 
LEN=32000 

Lu=1 

O00 400 L=1+NUMREC 

IF (Le EQe NUMREC) LEN=NBY TES=( (NUMREC-1)*32000) 

CALL WRITECSTIFL(LL ) eLEN0 0010206401) 

WRITE(601005) LLoLENe STIFL(LL) 

LL=LL+8000 

GO TO 400 


401 WRITE(6.600) 


stop 


400 CONTINUE 


LEN=MBANO#4 
CALL WRITECAPL eLENc00ie2, 6401) 
WRITE(601005) MBANDeLEN> APL(1) 


1005 FORMAT(2110-E20.7) 


(e 
Cc 
(e, 


00 270 I21.ND 

K=I+4+NO 

AP (IT )=AP(K) 

AP(K)=0.0 

00 270 J=1eND 

STIF (Jeol V=STIFC UeK) 
270 STIF(JeKI=0-0 


CHECK FOR LAST BLOCK 


IF (NM—=NUMNP ) 20» 280» 280 


280 CONTINUE 


RETURN 


1000 FORMAT( /10Xe*ELEMENT STIFFNESS FORMED FOR ELEMENTS WITH -VE MAT(M 


1)IN THE FOLLOWING:*7) 


1001 FORMAT ( 710Xe* BLOCK NUMBER=* -f5/10Xe*LOWEST NODE NUMBER=* -I5/10X. 


1*HIGHEST NOOE NUMBER@®,IS/) 


1002 FORMAT (2615) 


Cc 


ann 


END 


SUBROUTINE ELSTIFCAPeSTIF ce APL eAPReSTIFL »oSTIFRe MBI »MB2eLA cL A2eKOP) 
THIS SUBROUTINE FORMS THE ELEMENT STIFFNESS MATRIX (ESTIF) OR 
ELEMENT STRESS MATRIX (ESM) 


COMMON NANLYScKSHIFT, RO(3S50)oX(450) 0 ¥( 450) «21 450) 0-U( 450) 0 V( 450) « 
1W( 450) eSGTEL( 350.6) eSGTPS( 35007) oe STRNT( 35006) eo STNT( 45003) 0 

2 ECMI(3e3) eSTRN(6) cESTIF( 24024) 0ECM(6e6) 0EBM( Ge 24) 0ESM(6224) eo WT 
COMMON NUMNPeNUMELe NE2e KODE( 450) 0 SGTNP( 45026). 

INP( 8s 350) eMAT( 350) eMBANOcNEQe Mei M( 24) -KOEL( 350). 

2PSY (52) eETA(5S2) oe ZTA(S2) ce AQ(43) oPP(24)eELOISP(24) 6 

BKOUNT( 450) ¢SIGA( 450066) e0STN( 45003) -SIGEL (6) eSIGP(7) e NUMBLKe 

& DISPX( 450) eDISPY( 450) eOI1SPZ( 450) 
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902 COMMON EBULK( 350) eEDEV( 350) eNITERs I TOPT»ACOEF( 5)eBCOEF( 5)-eSTP(3) 


903 COMMONZ AREA1/ST( 2065) ¢SL(10¢5) 6 SD( 20010 65) eVS( 20 41065) sNUMAT + NCELP 
904 1 «CONF AC. NSTRN 

905 DIMENSTON AP(NE2) eSTIF(MB1+MB2) + APL(MB1).APR(MBL )oSTIFL(LAZ) + 
906 ISTIFR(LAD 

907 00 70 I=1+24 

908 DO 70 J=1424 

909 70 ESTIF(1¢J}=0.0 

910 VOL=0.0 

911 L1=NP (16M) 

912 L2=NP (26M) 

913 L3=NP (36M) 

914 L4=NP(4.M) 

915 LS=NP(5>M) 

916 L6=NP (66M) 

917 L7=NP(7.M) 

918 L8=NP (86M) 

919 C FORM CONSTITUTIVE MATRIX 

920 IF(NANLYS*NE«O) GO TO 2 

921 IF (NUMAT*EQe1) GO TO 17 

922 2  COM1=EBULK(M)+1.33333*EDEV(M) 
923 COM2=EBULK(M)-0 « €€66667 *EDEV(M) 
924 COM3=EDEV(M) 

925 ECM(1¢1) =COM1 

926 ECM(262)=COM1 

927 ECM(363)=COM1 

928 ECM(464)=COM3 

929 ECM(5»5)=COM3 

930 ECM(666)=COM3 

931 ECM(1¢2)=COM2 

932 ECM(143)=COM2 

933 ECM(291)=COM2 

934 ECM( 263) =COM2 

935 ECM( 361 5=COM2 

936 ECM( 3-62) =COM2 

937 DET=COM1 #342. #COM2## 3-36%COM1*COM2* #2 
938 COM4=(COM1*# 2—COM2**2) /DET 
939 COMS= ( COM2#*# 2—COMI*CCM2)/0ET 
940 ECMI (161 )=COMS 

941 ECMI (2. 2)=COM4 

942 ECMI(353)=COM4 

943 ECMI(1+2)=COMS 

944 ECMI(163)=COMS 

945 ECMI( 201)=COMS 

946 ECMI(203)=COMS 

947 ECMI (341 )=COMS 

948 ECMI(3+2)=COMS 

949 C 

950 17 IF(KOP+EQe2) GO TC 14 

951 TF(KOEL(M)eLEet) GO TC 11 
952 IF(KOEL(M)eGEe2) GO TO 12 
953 11 DO 21 LNI=9916 

954 L=LN1 

955 Go TO 13 

956 12 00 22 LN2=17043 

957 L=LN2 

958 GO To 13 

959 14 TIFC(KOEL(M).EQe1) GO TO 81 
960 IF (KOEL(M)eEQ.2) GO TO 81 


961 0O 20 LNI=1.8 
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962 L=1N3 


963 GO TO 13 

964 81 DO 25 LN4=45-.52 

965 L=LN4 

966 GOniom is 

967 15 L=44 

968 PSY(44)=0.0 

969 ETA(44)=0.0 

970 ZTA(44)=0.0 

971 C FORMULATE DERIVATIVE MATRIX 

972 13 PEP 1=-€ 16/80) #( 1 e~ETACL DDO(12—-ZTACL) Dd 

973 PEP2=-(1./Be) (1 eo tETACL IDC 1 e--ZTA(L)) 

974 PEP3Z= (1.6/8. ) *( Le tETACL IDC 12-ZTACL) )D 

975 PEP4= (1./8-) *(1.-ETA(LI)¥(1--Z2TACL)D 

976 PEPS=-(1e/B ed (1 e-ETACL ID # (Le #ZTACLD) 

O77 PEP6=—-(1e/Bo dV (CL OtETACL) D*¥C1LO+ZTACL?D)D 

978 PEPT=4(Le/Bo DCL etETACL) D*(Le+ZTACL) D 

979 PEPB=4(10e/Be) HC Leo-ETACL) DCL +ZTACL) D 

980 PET1I=-( 16/80) *(1Le—-PSYV(L) D*(1 e—-ZTACL) D 

981 PET2Z=4( 1e/8e) (1 e-PSVY(L) (1 e--ZTACL) dD 

982 PET3S=4(1e/B8 oD (CL e+PSY(L) )*( 1 --ZTACL) ) 

983 PET4=-(1e/8e) F(LotPSY(L))*(Le-ZTA(L)) 

984 PETS=-( 10/80) *(1e-PSV(L)) #C1et#ZTACL) ) 

985 PET6=4( 10/80) ¥*( 1 e—PSY(L)) FC Le +ZTACL) D 

986 PET7T=4(1e/Be) RCL eotPSV(LI)#(1e#ZTACL) Dd 

987 PETB=—( 1 o/8e dD BR(LetPSV(L) C1 +ZTAC(L) ) 

988 PZT1I=—C Le /Bo DV *(1o-PSV(LD) CL -ETACL)) 

989 PZT2=-( 10/80) *(1--PSY(L))#( Le FETACL)) 

990 PZT3=-( 10/8 ed (1 eo APSY(CL) DMC 1 eo tETACL) dD 

991 PZT4=—( 12/8 oD *(LetPSY(L) DC Le-ETACL)) 

992 PZTS=4(16/Be)R(Le-PSY(LI)#(1 --ETAC(L)) 

993 PZT6=4(1 6/80) %(1e-PSV(L)) C1 o+ETACL) ) 

994 PZT7=¢0(1 0/80) #(1 o tPSV(LII*(1e¢ETACL) dD 

995 PZTB=4(1e/Be) #( Le tPSV(L))*C1 o~ETACLD) 

996 C FORM THE JACOBIAN MATRIX 

997 X1J=PEP1eX(L1)+PEP2*xX (L2) ¢PEP3#X (L3) 4PEP4S#X(L4) ¢PEPS#X(LS D+ 
998 1LPEP6*X(L6)+PEPT#X(L7 )DCPEPE*X(L8B) 

999 XQ2U=PETL#X(LI) SPETZ#X(L2) CPETSEX( LI) F+PETS#X (LO) ¢PETS#X(LS D+ 
1000 LPETORX(L6)FPETTREX(L7) CPETEeX(L 8) 

1001 K3J=EPZTI®X( LI) +PZT2#K(L2) ¢PZT3IEX (LS DFPZT4HX(L4)FPZTSHX(LS D+ 
1002 LIPZT6*X(L6) 4PZT7HX(L7IEPZTE*X(LB) 

1003 YIJ=PEP1SY(L1)¢PEP2*Y(L2) ¢PEP3#Y(L3)4PEPS#V(L4)+PEPS¥Y(LS D+ 
1004 LPEP6*Y (L6)4PEPTRY(L7I+PERB*Y (LSB) 

1005 Y2J=PETI*Y(L1 )+PET28V(L2) ¢PETI¢Y(L3) ¢PET&#Y(L4)+PETS#Y(LS D+ 
1006 LPET6*Y(L6)F¢PET7T#Y(L7 )4PETS*Y (LB) 

1007 ¥3UJ=PZTI*V(L1) ¢PZT2eV(L2) CPZTSSV( LS) FPZTS¥V(L4)4+PZTS#V(LS D+ 
1008 LPZTE*Y( LO) +PZT7*Y(L7) PZTE*VILBD 

1009 Z1J=PEP1*Z(L1) tPEP2eZ(L2) +PEP3*Z (LI )+PEP4S*Z(L4)+PEPS*Z(L5)+ 
1010 1PEP6*Z(L6)4PEP7T#¥Z(L7)¢PEPS*Z(L8) 

1011 Z2J=PETI@ZILI) ¢PET2¢Z(L2)+PET3I¥Z(L3) #PETS#Z(L4)FPETS#Z(LS D+ 
1012 LPET6*Z(L6DFPETT#ZIL7TICPETS*Z(L8) 

1013 Z3ISPZTISZ(L1) 4PZTS]AZCLZI¢PZTIFZ(LS) ¢PZTAFZ(L4AIVFPZTSHZ(LS Dt 
1014 IPZTO*Z(LE6)FPZT7TRZ(ILT )4+PZTBFZ(LS) 

1015 C INVERT THE JACOBIAN MATRIX 

1016 DET I= XL IH CV 29423 I—Z2IRV SID HV IIH (X29 HZ3IN“ZZAIFXI ID ZL IBC K2IFVSI-V2I* 
1017 1X3J) 

1018 IF (DETJeL E2000) GO TO 75 

1019 X1L=€Le/DETI) #CVY2I*Z23I-Z2I* VSI) 

1020 X2P=( Lo /DETII RCV SU*ZII—-ZIIFVIS) 


1021 X3L=(1e/0ETIIe(VII*Z2I-Z15*Y 2) 
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1022 VIT=H=C1L./DETID*(Z25*X3U—-KX 2547235) 


1023 V2T=(1e/DETID#(Z35*X1 Ie X3BI*Z15) 
1024 V3T=C1e/DETID *(Z15#X25—-K1I*Z2)) 
1025 ZIP=C Le SDETID & (X22 I*# V3 I-V2I"X3S) 
1026 Z2T=(1 eo /OETII*(CX3IU#*Y 1 I-VY 3U*KIS) 
1027 Z3T=E(Le/DETID*OC XI IHVY2 I-VI I#X25) 
19028 PPC J=XLI*PEPR+X2T*PETI4X3I¢PZT1 
1029 PP(2 J=VYIL*¥PEPIFV2T #PETI¢CV3ISP2ZT1 
1030 PP(3 J=Z1II*PEP14+Z21*PET1I¢Z31%PZT1 
1031 PP(4& )=X1LT*PEP24X21e*PET24+x31ePZ2T2 
1032 PP(S J=VII*PEP2¢yY 214PET2¢Y31I *PzZT2 
1033 PP(6 J=Z1II*PEP24+Z21*PET2¢Z31¥PZT2 
1034 PP(7 J=X1I*PEP3¢X 21 *PET 34x31 #PZV3 
1035 PP(8 J=VII*PEP34Y21*PET34¢V31%*PZT3 
1036 PP(9 J=ZLI*PEP34Z21 *PET3S4¢Z31 #PZT3 
1037 PP(IOIEXLIIT*#PEP44¢X2T1*PET44+#xX31ePZT4 
1038 PPCLII=HAVIT*PEP4¢V2T *#PET44V314PZT4 
1039 PP(12)=Z11T#PEP44Z21#PET44+Z31 ¥PZT4 
1040 PP(13)=X1LT*#PEPS¢xX2I1e#PETS+x314PZ2T5 
1041 PP(LIO)I=VYII*®PEPS5S4+V 21 *PETS+V31#PZT5S 
1042 PPCISI=ZII*PEP54+Z221*PETS*Z31¥PZT5 
1043 PP(16)=X1LI*®PEP64X21*PET64¢X314PZT6 
1044 PPCI7TI=VIL#PEP64Y 21 *PET64+Y3I ¥PZTE 
1045 PP(16)=Z11*#PEP64+Z21*FET64+Z31 #PZT6 
1046 PP(19O)=X1LI*PEPT4¢X 21 ePET 74X31 4O2ZT7 
1047 PPC 20)=VYII*PEPT+VY2I%PETT¢YSI¥PZT7 
1048 PP(21)=Z11*PEP74+Z2I1#PET7+Z231 #P2T7 
1049 PP(22)=X11*PEPS84+X21 *PETS8+X3I1*PZT8 
1050 PP(23)=YII*PEP84Y 21*PET B+ Y3I *PZT8 
1051 PP(24)=Z11*PEPB4+Z212PETS84+Z31 *PZTB 
1052 C FORM ELEMENT B MATRIX 

1053 00 10 116 

1054 DO 10 J21,24 

1055 10 EBM(1I+J)=000 

1056 C9 30 J=1+22e3 

1057 EBM(4.J)=PP(J+1) 

1058 EBM(6.J)=PP(J+2) 

1059 30 EBM(1.J)=PP(J) 

1060 DO 31 J=2223e3 

1061 EBM(4.J)=PP(J-1) 

1062 EBM(SeJ)=PP(J+1) 

1063 31 EBM(2¢J)=PP(J) 

1064 DO 32 J=3024.3 

1065 EBM(SeJ)=PP(J-1) 

1066 EBM(6¢J)=PP(J-2) 

1067 32 EBM(35+J)=PP(J) 

1068 C FORM ELEMENT STRESS MATRIX 

1069 00 50 1=1%6 

1070 OO 50 J=1-24 

1071 ESM(IeJ)=020 

1072 DO 50 K=1.6 : 
1073 50 ESM(Ie J) H=ESM( To JIFGECM( I eK) *EBM(Ke J) 
1074 IF (KOPeEGe1) GO TO Si 

1075 IF(LeNEe44) GO TO 16 

1076 OO S2 1[=1+6 

1077 SIGEL(T)=0¢0 

1078 DO 52 J=1.24 

1079 52 SIGEL(CI)=SIGEL(IISESM( Te J) *ELDISP( J) 
1060 00 510 1=1+6 


1061 STRN(1)2020 
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1082 
1083 
1084 
1085S 
1086 
1087 
1088 
1089 
1090 
1091 
1092 
1093 
1094 
1095 
1096 
1097 
1098 
1099 
1100 
1101 
1102 
1103 
1104 
1105 
1106 
1107 
1108 
1109 
1110 
1111 
l1i2 
1113 
1114 
1115 
1116 
1117 
1118 
1119 
1120 
1121 
1122 
1123 
1124 
1125 
1126 
1127 
1128 
1129 
1130 
1131 
1132 
1133 
1134 
1135 
1136 
1137 
11386 
1139 
1140 
1141 


500 


16 


83 


84 
25 


82 


35 


36 


20 


$1 


DO 500 J=1.24 
STRNCLI=STRNCID+EBM( Te JDSELDISP(Y)D 
STRNCI)D=STRNCI)*100. 

CONTINUE 

GO TO 80 

IF (KOEL(M).EQe0) GO TO &2 

TFC KOEL(M).EQ.3) GO TO 82 
N=NP(L-44.M) 

KOUNT (N)=KOUNT (ON) 41 

0O 83 1=1+6 

DO 83 J=1.24 

SIGACNe TI=SIGACNo IT) +4ESM( Ie J) *ELDISP( J) 
OO 84 1=1.3 

DO. 84 J=1.24 
STN(CNeTI=STN(Ne TIT) 4EBM( I oJ) *ELDISP(Y) 
CONTINUE 

GO TO 15 

N=NP (LM) 

KOUNT (N)=KOUNT (O(N) 41 

DO 35 1=1+6 

00 35 J=1224 

SIGA(Ne TD=SIGAC( Neo IT) 4ESM( IT. J) *ELOISP( YU) 
O00 36 11.3 

OO 36 J=1.24 

STNCNe TIZ=STN(NGT )¢EBM( Ie JI*ELOISP(U) 
CONTINUE 

GO TO 15 

IF(KOEL(M)-eLE-1) GO TO S5 


C FORM ELEMENT STIFNESS MATRIX THREE POINT INTEGRATION 


61 


22 


0O 61 I#1+24 

OO 61 J=1.24 

OO 61 K=16 

ESTIFC Ie JI=ESTIF( To JDtAQ(L) #EBM(K ol) SESM( Ko J) *OETI 
VOL=VOL¢AQ(L)*DETY 

WT=VOL*RO( M)/6.6 

CONT I NUE 

GO TO 80 


C FORM ELEMENT STIFFNESS MATRIX TWO POINT INTEGRATION 


s5 
60 
21 
7S 
60 
Cc 
Cc 
1000 
Cc 
(e 
G 
Cc 
(e 
Cc 


00 60 {f=1.24 

DO 60 J=1024 

00 60 K=1%6 
ESTIFC Le JIZESTIF( Te JIFEEM(K eT P#ESM( Ke JS) *OETIJ 
VOL =VOL4DETJ 
WT=VOL*RO( M)/8~ 
CONTINUE 

GO TO 80 

WRITE (601000)M 
CALL EXIT 

RETURN 


FORMAT (1H1le 18H VOLUME OF ELEMENT of4- 18H IS LESS THAN ZERO) 
END 


SUBROUTINE STRESS(APeSTIF eAPLeAPReSTIFL eSTIFReMBI oeMB2eLAeLA2) 


THIS SUBROUTINE FORMS THE ELEMENT STRESS MATRIX (ESM) eMULTIPLIES BY 
THE ELEMENT DISPLACEMENT VECTOR (ELOISP) AND RECORDS THE STRESSES IN 
SIGEL (BY CALLING ELSTIF)« IT THEN COMPUTES PRINCIPAL STRESSES AND 
STRAINS FOR ELEMENTS AND NODAL STRESSES~ 
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as Ts cre 
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pt ae 
7 7 
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1142 
1143 
1144 
1145 
1146 
1147 
1148 
1149 
1150 
1151 
1152 
11€3 
1154 
1155 
1156 
1187 
1158 
1159 
1160 
1161 
1162 
1163 
1164 
1165 
1166 
1167 
1168 
1169 
1170 
1171 
1172 
1173 
1174 
1175 
1176 
1177 
1178 
1179 
1160 
11861 
1182 
1183 
1184 
1185 
1186 
1187 
1188 
11869 
1190 
1191 
1192 
1193 
1194 
1195 
1196 
1197 
1198 
1199 
1200 
1201 


(ome mae) 


(G5 
Cc 


1 
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COMMON NANLYSe¢KSHIFT>« RO(250) 6X(450) 6 V¥( 450 )6Z( 450) -U(450) VC 450) 6 
1W(450) 6 SGTEL ( 350 6 €) 06 SGTPS( 35007) 6 STRNT( 350 0 6) eSTNT(45003)6 

2 ECMI(3e3)+STRN(6) scESTIF (24.24) cECM( 606) 0 EBM( 6424) ESM( 6624) o WT 
COMMON NUMNP.NUMEL*s NE2e KODE( 450) ¢SGTNP( 45006). 

INP(Be 350)eMAT( 350) eMBANDeNEGoMolLM(24) eKOEL ( 350)6 
2PSY(52) eETACS2) oe ZTA(E2) 26 AQ( 43) PP (24) eELDISP(24) 6 

SKOUNT( 450) e¢STGA( 450¢6)eSTN( 45023) eSIGEL(6)+SI1GP(7)+«NUMBLKe 
4 OISPX( 450) -—DISPV(450) —DISPZ(450) 

COMMON EBULK( 350) eEDEV(350),NIETEReITOPT»ACOEF( S)+BCOEF( &S)eSTP(3) 
COMMONZ AREAL/ST(2005) oSL( 1065) 0SD(2001005) eVS(20010¢5) »NUMAT »NCELP 
1» CONFAC »NSTRN 


DIMENSION AP(NE2) eSTIF(MB1e¢MB2) eAPL( MBI) s APR(MB1) oSTIFLCLA2)» 
ISTIFR(LA) 


00 S N=1 eNUMNP 
KOUNT (N) =O 

DO S J=1e6 
SIGA(Ns J)=0-0 
DO 6 N=1+NUMNP 
00 6 J=1.3 
STN(NoJ)=020 


S1G1=0.0 
S1G2=0.0 
SIG3=0-0 
M1=0 
M2=0 
M3=0 


WRITE(6-22000) 
DO 100 M=1+NUMEL 
COMPUTE ELEMENT DISPLACEMENTS 


DO 10 [=1e8 

12=3*1 

LMI 2=3*NP C(I MD) 

ELDISP(12)=AP(LMI2) 

ELDISP(12-1)=AP(LMI 2-1) 
O ELDISP(12-2)=AP(LMI2+2) 


OMPUTE ELEMENT STRESSES 


MAT(M)=IABS(MATO(M)D 

CALL ELSTIFCAP eSTIF ceAFL oAPReSTIFL eo STIFReMBi eMB20eLA eLA2s2) 
DO 15 1=16 

SGTEL (Mel D=SGTEL( Me T)4¢SIGEL(T) 


DO S500 1=1+6 

STRNT(Me lI D=STRNT( Mel D+STRNCI) 

WRITE (602010) Me(SGTEL(MelToL=1e6)e (STRNT(MoD de 
11=1+3) : 


COMPUTE ELEMENT PRINCIPAL STRESSES AND PRINCIPAL STRAINS 


TI=SGTEL (Mel) +SGTEL(Mo2 )+SGTEL(Ms3) 

T2=SGTEL( Me 1) *SGTEL( Me2)4¢SGTEL( Me 2) ®SGTEL (Ms 3) +SGTEL( Me 3) #SGTEL (Me 
112—-SGTEL (Me 4) @*2—SGTEL (Me S) ®#2-SGTEL (Mo6) #¥2 

T3=SGTEL (Mol )*SGTEL (Mo2) *SGTEL (M03) 42-6 *SGTEL (MoS) *SGTEL(MeS)® 
1SGTEL (Me 6 K-SGTEL (Meo 1) #( SGTEL( Me 5S) *#2)-SGTEL (Me 2) *(SGTEL( M06) * 82) 
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CSOLUTION OF CUBIC EQUATIOM BY NEWTON METHOD 


12 


11 


31 
32 


36 


Cc PRI 


35 


34 
=e] 


IF CABS(T3) eLEcleE-50) GO TO 36 
S=0.0 

DO 31 I=1.20 
FS=S#*3-T1e(S*#2)4T2eS-T13 
FPRH=3.*(Se#2)-2.4719S4T2 
1F(ABS(FPR) eLEo1e-E-30) GO TO 12 
GO TO 11 

WRITE(6¢2060) FPR 

FPR=1.0 

X1=S-FS/FPR 

IF(ABS(X1-S )e«LT«12-E-E) GO TO 32 
S=X1 

T4=(T1-X1)72.6 

T5=SORT (CC TI-X1)9*#29746-T3/X1) 
IFCABS(T3) LEe1eE-50) T4=T1/2.6 
IF (ABS(T3)eLEc1 eE-50) T5S=SQRT((11**2)/4.-T2) 
IF (ABS(T3)-eLEe1eE-S50) X12060 
X2=T4+T5 

X3=T4-T5 

SIGP(1)=X1 

SIGP(2)=x2 

SIGP(3)=XxX3 
NCIPAL STRESSES ARRANGED IN CROER 
0O 33 I=1e2 

JJ=3-1 

DO 34 J=1leJJ 
IFCSIGP( JI) LTeSIGP(J41)3}GO TO 35 
GO TO 34 

X4=SIGP(J) 

XS5=SIGP(J+1) 

SIGP(J41)=K4 

SIGP(JI)=xX5S 

CONTINUE 

CONTINUE 


CCOMPUTE MAXIM. SHEAR STRESS 


20 


532 


SIGP(4)=(SIGP(1)-SIGP(3)) 726 

DO 20 I1=14 

SGTPS(MeI)=SIGPC(I) 

T1=STRNT(Me1) +STRNT(Mo2)4+STRNT( M3) 


T2=STRNT (Mel) *STRNT( Mee DtSTRNT (Me 2) %STRNT( Me 3)4+STRNT (Me 3) *STRNT (My 
11)-0225#( STRNT( Me 4) **2¢STRNT( M.S) ##24¢STRNT( M26) 2) 

T3=STRNT( Mel )#STRNT( M02) *STRNT( Me 3) 40025%( STRNT( Me 4) *STRNT( Me 5) *ST 
IRNT(Me6)—STRNT( Mel) 0 STRNT (CMS) **2)—STRNT (M22) *®( STRNT (Me 6) #2) — 


2STRNT (Me 3) *®CSTRNT (Me 4) ¥%2) ) 

IF CABS(T3)eLEc1eE-50) GO TO 536 
S=0-0 

00531 1=1.20 
FS=S&&#3-T1*(S*%2)4¢T2eS-T3 

FPRE3 6 9( S892 )-264*T18S4T2 

IF (ABS(FPR) LE-1eE-30) GO TOS12 
GO TOS11 

WRITE(6e20E0) FPR 

FPR=1-0 

X1=S-FS/FPR 

IF(ABS(X1-S Del Tel-E-€) GO T0532 
S=X1 

T4=(TI-X1)726 
TS=SORT(((T1—-X1)**2)/742.-T3/X1) 
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1262 
1263 
1264 
1265 
1266 
1267 
1268 
1269 
1270 
Vera 

1272 
1273 
1274 
1275 
1276 
1277 
1278 
1279 
1280 
1281 

1282 
1283 
1284 
1285 
1286 
1287 
1288 
1289 
1290 
1291 

1292 
1293 
1294 
1295 
1296 
1297 
1298 
1299 
1300 
1301 
1302 
1303 
1304 
1305 
1306 
1307 
1308 
1309 
1310 
1311 

1312 
1313 
1314 
135 
1316 
1317 
1318 
1319 
1320 
1321 


536 


TF CABS(T3) LEe1eE-50) Ta=T1/2.6 

IF CABS(T3)eLEo 1 eE-50) TS=SORT((T1**2)74 6-72) 
TFECABS(T3) LEcleE-50) X1=0-0 

X2=T4+T5 

M3=T4-T5 

STPC1)=xX1 

STP(2)=x2 

STP (3)=X3 


C PRINCIFAL STRAINS ARRANGED IN ORDER 


G 


535) 


534 
533 


$20 


0O 533 [1-2 

JJ=3-1 

DO 534 JFleJJ 

IF CSTPC J) eLTeSTP(J41)) GO TO §35 
GO TO §34 

X4=STP(J) 

XS=STP(J41) 

STP (J+1)=X4 

STPCII=HXS 

CONTINUE 

CONTINUE 

00 S20 I=1+3 

J=1+4 

SGTPS(Me JI=STP(I) 

IF (IT TOPT~EQ-0) GO TO 350 
IFC(NITER-EQ.-2) GO TO 350 

0O 200 I=1+66 

SGTEL (Me I D=SGTEL (Me T)-SIGELC I) 
0O 201 f=1+6 

STRNT (Mel D=STRNT (MoT I-STRNC ID 


FIND MAXIMUM ELEMENT STRESSES 


350 


120 


100 


ITF (SGTPS( Mel) LTeSIG1) GO TO i15 
SIG1=SGTPS(Me1) 

MLi=M™ 

IF( SGTPS(M.3) eGTeSIG2) GO TO 120 
SIG2=SGTPS(Me3) 

M2=M 

IF (SGTPS(Me4) eLTeSIG3) GO TO 100 
SI1G3=SGTPS(M.4) 

M3=M 

CONTINUE 

WFITE(6e2040) SIGI»eMi»sSIG2eM2eSI1G3eM3 
WRITE(6e2001) 

WRITE(622002) (Me (SGTPS (Mel) -L=107) oM=1 eNUMEL ) 


FIND AVERAGE NOCAL STRESSES AND STRAINS (%) 


116 
110 


117 
ii 


DO 110 N=1eNUMNP 
RK=KOUNT (N) 
IF(CRKeEQe0-0) GO TO 110 
O00 116 f=16 

SIGA(NeT)= SIGACNe T)/RK 
CONTINUE 

CONTINUE 

00 111 N=1+NUMNP 
RP=KOUNT (O(N) 

TF CRE eEQe020) GO TO 11it 
OO 117 1=1e3 
STN(NoT)=100¢e*STN(Neo I VZRP 
CONTINUE 

CONTINUE 
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1322 
1323 
1324 
1325 
1326 
1327 
1328 
1329 
1330 
1331 

1332 
1333 
1334 
1335 
1336 
1337 
1338 
1339 
1340 
1341 

1342 
1343 
1344 
1345 
1346 
1347 
1348 
1349 
1350 
1351 
1352 
1353 
1354 
1355 
1356 
1357 
1358 
1359 
1360 
1361 
1362 
1363 
1364 
1365 
1366 
1367 
1368 
1369 
1370 
1371 
1372 
1373 
1374 
1375 
1376 
1377 
1378 
1379 
1380 
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25 


26 


250 


2000 


2010 


2001 


2002 
2040 


2050 


2055 
2060 
Cc 


THI 
FOR 


nanan 


WRITE(6.2050) 

DO 27 N=1+eNUMNP 

IF (KOUNT(N) 2EQe0) GO TO 27 

DO 25 1=106 

SGTNP(Ne I )=SGTNP(Ne TD4SIGAC No I) 

DO 26 J=1.3 

STNT( Ne JI=RASTNTCNo JI +STNONe J) 

WRITE(622055) NeSGTNP(Nel) eSGTNP(Ne 2) ¢SGTNP(Ne 3) eSGTNP( Ne 4) 6 SGTNP( 
1Ne5) eo SGTNP(Ne6) oSTNT(Nol ) eSTNT(Ne 2) oe SINT(Ne 3) 
IFC ITOPTeEQe0) GO TO 27 . 

IF (NITEREQe2) GO TO 27 

DO 250 L=1e6 

SGTNP (Ne lI)=SGTNP(Ne I )-SIGA( No I) 

DO 251 J=1e3 

STNT (Ne J) ZSTNT(Ned I -STNOINe J) 

CONTINUE 

RETURN 


FORMAT(®1%.10Xe*ELEMENT STRESSES*®///, SELEM SIGMA X SIGMA Y 

1 SIGMA Z SIGMAXY SIGMAYZ SIGMAZX STRAINXX st 
2RAINVY STRAENZZ*//) 

FORMAT(I4- 9E1265) 

FORMAT(®1%+10Xe*PRINCIPAL STRESSES'//7/,*ELEM SIGMA 3 SIGMA 2 
1 SIGMA 1 MAXSHEAR STRAINS 1 STRAIN2 STRAINI*/7/) 
FORMAT (14e7E12-5) 

FORMAT 1H1 6 


1 27H MAXIMUM PRINCIPAL STRESS 0F15e5e19H AND OCCURS IN ELEMel 6/7 


2 27H WINIWUM PRINCIPAL STRESS = ¢&15¢5e19H AND OCCURS IN ELEMeI6// 
3 27H MAXIMUM SHEAR STRESS = 9€15¢5e19H ANO OCCURS IN ELEMeI6) 

FORMAT(°1%s10Xe* AVERAGE NODAL STRESS*///o *NNOE SIGMA X SIGMA 

1Y SIGMA 2 SIGMA KY SIGMA YZ SIGMA ZX STRAINX 

2 STRAINY STRAINZ*///) 

FORMAT(14,9E12.5) 


FORMAT(E12-5) 


END 


SUBROUTINE MOOIFY (AP oSTIF cAPL oAPRe STIFL sSTIFReMBL oMB2eLAolLA2el oN) 


S SUBROUTINE MOOITFIES TRE TOTAL STIFFNESS MATRIX AND LOAD VECTOR 
DIPLACEMENT BOUNDARY CONDITIONSe 


COMMON NANLYSeKSHIFT « RO( 350) eX 450) o¥ (450) 021450) eU( 450) eV 450) 6 
1W(450) eSGTEL (350 6)» SGTPS( 35007) 6 STRNT( 350 96) eSTNT (45003) 0 

2 ECMI(3e3)eSTRN(S6) eESTIF (24624) 0ECM( 606) 0EBM(60 24) eESM( 6024). WT 
COMMON NUMNP»NUMEL » NE2e KOODE( 450) eo SGTNP( 45006) 

INP(8- 350) oMAT( 350) eMBAND eNEQe MeL M( 24) eKOEL( 350)e 

2PSY ($2) eETA(S2) oZTACS2) 9 AQ(43) oPP( 24) vELOISP(24)5 

3KOUNT( 450) eSIGAC 4506) eSTNG 45003) eo SIGEL (6) eSIGP( 7)» NUMBLKe 
& DISPX( 450) eDISPY( 450) —OISPZ(450) 

COMMON EBULK (350) -EDEV( 350) eNI TERoI TOPT e ACOEF( 5) eBCOEF( 5)eSTP(3) 
COMMON/AREAL/ST (2005) oSL( 1005) oSD( 2001005) oVS( 20 61005) sNUMAT » NCELP 
1 e CONFAC eNSTRN 

OIMENSION AP (NE2) oSTIF(MB1.MB2) oAPL( MBI De APRC(MB1) oSTIFLO(LAZ) ¢ 
ISTIFR(LA) 


OISP=U(N) 
IF (C1 -3#N¢14KSHIFT) eEQe0) DISP=V(N) 
IF ( (1 -3®N4¢KSHIFT) eEQ.0) OISP=W(N) 
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1382 Cc 


1383 DO 50 J=2~eMBAND 

13684 IL=14J-1 

1385 [U=I-J+1 

1386 IF(IUeLE«0)GO TO 10 

1387 AP(IU)=APCIUD—-STIF (Je TU) *O01SP 

1368 STIF(Je1U)=020 

1389 10 IF(IL «GTeNEQ) GO TO 50 

1390 APCIL)=AP(CILI-STIF( Je 1) ¥*DISP 

1391 STIF(Je1)=0.0 

1392 50 CON TINUE 

1393 ae(t)=O1Se 

1394 STIF(1+e1)=1¢20 

1395 RETURN 

1396 G 

1397 END 

1398 Cc 

1399 Cc 

1400 SUBROUTINE BAND1(EeAsBLeBRe AL e AR »oMBI oMB2eLAeLA2e FOUB) 

1401 Cc 

1402 C THIS SUBROUTINE SOLVES EQUATIONS IN BLOCKS USING GAUSSIAN ELIMINATIONe 
1403 C SYSTEM SUBROUTINES READ ANDO WRITE ARE CALLED FOR DATA TRANSFERS BETWEEN 
1404 C CORE AND FILES. SYSTEM SUBROUTINES NOTE ANO POINT ARE CALLED FOR BACK 
1405 C SPACEING DATA IN FILE 1 DURING BACK SUBSTITUTION. 

1406 Cc 

1407 COMMON NANLYSeKSHIFTs RO(350) X( 450) e¥( 450 ) »Z(450) 1U( 450) 9 V(450) » 
1408 1W(450) + SGTEL ( 350 0 6) oe SGTPS( 35007) » STRNT ( 350 0 6) eSTNT( 45003)» 

1409 2 ECMI( 303) eSTRN(6) sESTIF (24024) cECM( 606) sEBM( 6e 24) ESM( 6024) WT 
1410 COMMON NUMNP»NUMEL >. NE2e KODE( 450) +SGTNP( 45006)» 

1411 INP(8» 350)+MAT( 350) 04M eNEQeMeLM(24) eKOEL( 350). 

1412 2PSY (52) eETA(S2) oZTA(S2) ce AQ(43) oPP(24) sELDISP( 24)» 

1413 3KOUNT( 450) eSIGAC 45006) eSTN( 45003) eSIGEL(6) eSIGP(7) »NUMBLKe 
1414 4 DISPX( 450) eDISPY(450) -DISPZ( 450) 

1415 COMMON EBULK (350) »EDEV( 350) eNITERsITOPT+ACOEF( S)eBCOEF( 5S)eSTP(3) 
1416 COMMONS AREAI/ST (2005) 0SL (1095) 2S0( 2001005) eVS( 2061005) eNUMAT eNCELP 
1417 1 «CONFAC+NSTRN 

1418 DIMENSION INFO(4)eINDEX( 20) 

1419 DIMENSION B(NE2) oAC(MB1.MB2)eBL(MB1) eBR(MB1) + AL(LA2)+AR(LA) 

1420 INTEGER#®2 LEN 

1421 NBY TES=MM&MM*4 

1422 FNUMRC=FLOAT(NBY TES) 732000 

1423 NUMREC=NBYTES/32000 

1424 LF ( (FNUMRC-NUMREC) eGT 2020) NUMREC=NUMREC#1 

1425 600 FORMAT( ‘ERROR FILE IN BANDI®) 

1426 NN=NEQ/ 2 

1427 c 

1428 Cc 

1429 REWIND 1 

1430 REWIND 2 

1431 NB=0 

1432 WRITE( 601002 )MM. KUMREC 

1433 1002 FORMAT(2110.E20-7) 

1434 GO TO 50 

1435 Cc 

1436 c SHIFT BLOCK OF EQUATIONS 

1437 Cc 

1438 10 NB=NB41 

1439 00 20 N=1eNN 

1440 NM=NN4N 


1441 B(N)=B(NM) 
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50 


60 


65 


70 


80 


700 


B(NM)=0.0 

00 20 M=1eMM 
ACMeN)= AC MeNM) 
A(MeNM)=020 


READ EQUATIONS IN TO CORE 


IF (NUMBLK-NB ) 50 660-50 

tt=1 

DO SOO L211 «eNUMREC 

CALL READCAR(LL ) eLENe Och Oe 206550) 
WRITE(6¢1003) LENoLL eMMeNUMREC e AR(LL ) 
LL=LL+8000 

GO TO §00 
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CONTI NUE 

CALL READ (BReLENo Oct De 2c E550) 
WRITE(6e1002) LENeNNeBR(1) 
FORMAT(41102E2067) 
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REOUCE BLOCK OF EQUATIONS 


CO 100 N#1eNWK 

IF CAC 1eN) 9650100. €S 
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00 90 L#2eMmM 

IF CACL ND) 70090270 
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J20 

OO 80 K2l .MmM 

Jasei 

ACJSoT IFAC Ie TI—“C#ALK ON) 
BCT BBC 1 —AC(L oN) #BCN)D 
ACL eN)D BC 

CONTINUE 
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WRITE(6.1000) NB 
CALL TIME(1.1) 


WRITE BLOCK OF RECUCEO EQUATIONS 


IF CNUMBLK-NB) 11061202110 

CONTINUE 

CALL NOTEC(FOUB. INFO) 
INDEX (NB) #INFO( 2) 
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it=1 
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CALL WRITECAL(LL) eLENoOel eFOUBe £550) 
WRITE(661002) LLeLENeoAL (LL) 
(L=LL+¢B8000 

CONTI NUE 

LEN=MMS4 

CALL WRITE(BL LEN 9001 eFOUBCESSO) 
WRITE(601002) LLeLEN-6L(1 dD 
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1502 e 


1503 c BACK SUBSTITUTION 

1504 Cc 

1505 120 O00 140 M=1eNN 

1506 N=NN¢1-M 

1507 DO 130 K=2eMM 

1508 L=Ne¢K~=1 

1509 130 B(N)I=B(N)-ACK.)N) #6(L D 

1510 NM=N¢NN 

1511 B(NM)=BCON) 

1512 140 A(NBeNM)D=B(N) 

1513 WRIYTE(6e1001) NB 

1514 CALL TIMEC1Leld 

1515 NB=NB-1 

1516 IF (NB) 150 6160-150 

VS 17 150 CONTINUE 

1518 INFO(1)=INDEX(NB) 

1519 CALL POINT(FOUBsINFO.1) 
1520 LL=1 

1521 00 800 L=1.NUMREC 

1522 CALL READCAL( LL) seLENe Ol ZeFOUB+E550) 
1523 WRI TE€621002) LLoelLENo ALCLL) 
1524 LL=LL+8000 

1525 B00 CONTINUE 

1526 CALL REAC (BL eLENeo Och Zs FOUBe E550 ) 
1527 WRI TE(6-e1002) LLelEN-BL(1 ) 
1528 GO TO 120 

1529 Cc 

1530 Cc ORDER UNKNOWNS IN B ARRAY 
1531 CG 

1532 160 K=0 

Wie is} NUME G2 3% NUMNP 

1534 OO 180 NB=1+NUMBLK 

1535 0O 180 N=1eNN 

1536 NM=N4¢NN 

1537 K=K41 

1538 IF (CK eGTeNUMEQ) GO TO 190 
1539 1860 B(K)=A(NBeNM) 

1540 190 RETURN 

1541 (€ 

1542 1000 FORMAT(4/10X »*EQUATICNKS RECUCEO IN BLOCK NUMBER=*,I15//) 
1543 1001 FORMAT(//19Xe* BACK SUBSTITUTESCN CCMPLETED IN BLOCK NUMBER="e4 15/7) 
1544 END 
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APPENDIX C 


ELEMENT STIFFNESS FORMULATION FOR 
TSOPARAMETRIC HEXAHEDRON 


Cal scope: 

This appendix contains the element stiffness formula- 
tion for an isoparametric; eight-node hexahedral element with 
24 degrees of freedom. The formulation given here is essen- 


tially based on the one described by Clough (1969). 


Cacesunterpolation Functions 

An isoparametric element is the one in which the dis- 
placements and the geometry of the element are described by 
the same interpolation functions. It can be shown that such 
an element with a proper choice of the interpolation functions, 
satisfies the necessary requirements for the convergence of 
the finite element solution to the correct answer (Zienkie- 
wicz et al., 1969). For the eight node hexhedron shown in 
Fig. C.1 the relationship between the local coordinates eSesine 
c) of the parent element and the global cartisian coordinates 


(x,y,z) of the element is provided by a set of linear inter- 


polation functions as: 
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in which x, y, and z are the coordinates of the eight nodes 


of the element (Fig. C.1(b)) expressed in Cartesian global 


coordinate system as: 


mii! PAKIX> ceo. Va ow Ker 

asa 
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N = <NIN, N. Ng? 


The linear interpolation functions are expressed in terms of 


the local coordinates of the parent element as: 
N. = VA. + eel 7 nn.)(1 + ECeD ’ \Cexey 


in which ne nN; 


; and c, are the coordinates of the eight nodes 


of the parent element as shown in Fig. C.1(a). According to 
the definition of an isoparametric element the displacements 
(u,v,w,) of the element should be expressed by the same inter- 
polation functions used to describe the geometry. By analogy 


with Eq. C.1 the displacements are expressed as: 
u Beaker wekilin 2 | 
Vv = 0 N 0 Vv (€ 23) 
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where u, V, W are the nodal displacement vectors expressed as: 
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C.3 Element Stiffness Evaluation 
The element strains are expressed in terms of the nodal 
displacements by performing the appropriate differentiation 


on Eq. C.3. The resulting expression is: 
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The derivatives needed in the strain matrix of Eq. C.4 are 


obtained from: 


oN oN 
aX ae 
ONG _ -1 JON 
gy f ~ ld mn (C.6) 
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where [J] is the Jacobian matrix which can in turn be ob- 


tained from: 
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By inverting [J] obtained from Eq. C.7 and using Eq. C.6 and 
ba ca sethe. strain matrix [B] is evaluated. As the strain 
matrix is expressed in local coordinates, the integration 
necessary to evaluate the element stiffness has to be per- 
formed in the same local coordinates using the relationship 


for the elemental volume: 


dv = dx dy dz = det[J] dé dn dz CG: 
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The element stiffness can now be evaluated from: 


] ] ] 
[kK] = f £8]! [clfejav = { [B]'{c][Bldet[J]dé dn de (C.9) 
V & ee 


where [C] the constitutive matrix given by: 
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The integrations are performed numerically using Gaussian 


quadrature formulae. 
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APPENDIX D 


PINDLE ECEMENTeMETHOD FORSITHE ANALYSIS OF 
INDURE CI TENSLTON TEST 


Da i Scope 

This appendix describes the main features of a two 
dimensional finite element method used for the analysis of an 
indirect tension test when the material is assumed to be bi- 


linear, having different moduli in compression and tension. 


D.2 Basic Considerations for a Bilinear Material 

A finite element method for solving two dimensional 
problems involving a bilinear material was suggested by Wilson 
(1963). The method that uses a successive approximation 
technique can be handled very conveniently by the two dimen- 
sional finite element program that uses an iterative equation 
solver (Wilson, 1963). The program given in Appendix A was 
modified by the author, following the procedure suggested by 
Wilson (1963), to consider the bilinear property of material. 

A bilinear material has the following three possible 


stress-strain relationships depending on the stress state: 


Type I - Both principal stresses are compressive 
Type II - Both principal stresses are tensile 
Type III - One principal stress is compressive while 


the other is tensile. 
For Type I and Type II the stress-strain relationship in x-y 


coordinate system is of the normal form. For Type III the 
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stress-strain relationship is a function of the angle of inclina- 
tion of the major principal stress with the x-axis. In terms 
of the principal coordinate system the stress-strain relation- 


ship is written as: 


fot} Te Solis } CO) 


where [c] is given by Eq. 2.7 of Chapter Il. If {fo} and «fe} 


represent stresses and strains in x-y coordinate system then 
—, uy 
fepe=alitii tes (D.2) 


{o} = [T] {oc} (D.3) 


with [T], the transformation matrix, given by: 


cos’ Q sin’ 8 CaS Ne eCO cans 
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[T] = Suita cos’ 6 =-2S51N 0.C0S 10 (D4) 
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Since {o} = [c] {e} the constitutive matrix in x-y coorindate 


system for a bilinear material is given as: 
[c] = [1] fe] [1]! (D.5) 


In the finite element program the constitutive matrix for 
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Type III as given by Eq. D.5 is computed for an element con- 


Sidering the angle 6 obtained from the previous solution. 
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The finite element idealization of a quadrant of the 
Gircularesecuronmanaivzedets SNOWN 1RarigGeslD.lc TO Start 
with the solution was obtained for E/E, = ] and for. the 
assigned value of G/E.. Before the next solution was attempted 
each element was assigned the appropriate constitutive matrix 
depending on the type to which it belongs. For Type III the 
constitutive matrix was obtained from Eq. D.5. The solution 
thus obtained for E/E, = ] was used to perform the necessary 
modifications for obtaining the next solution. The solution 
procedure was repeated until the stresses and displacements 
obtained in two successive solutions closely agree with each 
other. For the analyses performed the final solution could 


be obtained after 10 to 15 repetitions. 
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